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ABSTRACT
NICKEL SALICYLALDIMINATO CATALYSTS FOR OLEFIN
POLYMERIZATION IN ORGANIC AND AQUEOUS MEDIA
February 2006
PUSHKALA KRISHNAMURTHY, B.Sc, UNIVERSITY OF MADRAS
M.Sc, INDIAN INSTITUTE OF TECHNOLOGY, MADRAS
Ph.D.. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor E. Bryan Coughlin
There has been increased interest in late transition metal catalyzed olefin
polymerizations. This is due. in part, to the ability of late transition metal catalysts to
yield new polymers. Among them, neutral nickel salicylaldiminato catalysts have
gained importance in recent years due to their functional group tolerance. Schiff s base
chemistry was employed to synthesize a wide variety of ligand frameworks. These
ligands, combined with discrete metal precursors led to the synthesis of neutral nickel
salicylaldiminato catalysts 11-13. A phosphine sponge was needed to activate these
catalysts for olefin polymerization. An inexpensive phosphine sponge such as copper
(I) halide was successfully used as a cocatalyst to peform polymerization of ethylene in
organic media. The functional group tolerance of the catalyst and cocatalyst allowed
for polymerization of ethylene in water leading to polyethylene latexes. The
polymerizations were performed under moderate conditions of pressure and temperature
to yield low molecular weight polyethylene with up to 100 branches / 1000 C atoms.
The effect of the nature of the ligand framework on the activity of the catalyst and the
molecular weight of the polymer obtained was studied. Copolymerization of ethylene
with functional monomers was performed in organic or aqueous media leading to
vi
polyolefins with incorporated functionality. Norbornene was also polymerized by
complexes 11-13 with either a borane or methyl aluminoxane (MAO) cocatalysts. The
microstucture of the polynorbornene obtained was found to be dependent on the nature
of the cocatalyst. A wide variety of functionalized norbomenes were also effectively
copolymerized with norbornene. A variety of chain transfer agents such as 1- octene
and 5-bromo-l-pentene were used to control the molecular weight of polynorbomenes.
These chain transfer agents were also used successfully to control the molecular weight
of the copolymers of norbornene with functional norbomenes. All of the polymers were
characterized by spectroscopic and thermal methods of analysis.
vii
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CHAPTER 1
INTRODUCTION
1.1 Late transition metal catalysts for olefin polymerization
Polyolefins are a multibillion-dollar a year industry, and originated from the
early discoveries of Ziegler and Natta more than 50 years ago.' " The initial catalyst
systems that were used to produce polyethylene were ill-defined heterogeneous
mixtures of a transition metal complex and an aluminum alkyi compound. The
polyethylene obtained is linear and is called High-Density Polyethylene (HDPE). This
is unlike the branched polyethylene that is obtained by the high-pressure free radical
polymerization of ethylene, Low-Density Polyethylene (LDPE). These transition metal
catalysts can also polymerize a-olefins such as propylene.
The widely accepted mechanism of coordination polymerization is the Cosee-
Arlmann mechanism as outlined in Figurel.l.^^
Figure 1.1 Cosee-Arlmann coordination-insertion mechanism
H2C=CH2
Two requisites of a transition metal complex to serve as an olefin
polymerization catalyst are the presence of a vacant coordination site, and a metal-
carbon bond to initiate polymerization. Ziegler-Natta catalysts can polymerize olefins
under moderate conditions ofpressure and temperature, unlike the free radical
polymerization of olefins, which is performed under drastic conditions of elevated
temperature and high pressure.
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Since the discoveries by Ziegler and Natta, there have been vast improvements
in the field of organometallics resulting in the synthesis of single-site catalysts based on
early transition metals. These new complexes are well-defined, and are active for the
polymerization of olefins. These catalysts are activated with cocatalysts such as
methylaluminoxane (MAO). Because of the Lewis acidic nature of the catalysts and
cocatalysts. they are not tolerant to the presence of heteroatoms. Hence, the
polymerizations must be carried out under strictly anhydrous and anaerobic conditions.
Copolymerization of functional monomers where the functionality is adjacent to the
double bond could not be accomplished. Copolymers of olefin and a functional
monomer are usually synthesized by radical polymerization under drastic conditions of
pressure and temperature.
Late transition metals with their low oxophilicity, and greater functional group
tolerance, serve as likely candidates as catalysts for obtaining novel fianctional
polyolefin architectures that cannot be obtained using early transition metal catalysts.
However, until recently they were not widely used as polymerization catalysts. This is
due to the propensity of the late transition metal catalysts to undergo p-hydride
elimination that competes with chain growth. This results in the formation of oligomers
and not polymers. The field of late transition metal catalysis received a revival with the
reports by Brookhart et al. who made use of late transition metal catalysts with ligand
architectural designs that were capable of producing high molecular weight
polyolefins.' Since then, many classes of late transition metal catalysts have been
discovered and used to effect the polymerization of olefins. Based on the ligand's
2
electronic nature, the late transition metal catalysts can be divided into two categories
(1 ) catalysts with neutral ligands and (2) catalysts with anionic ligands.^
1. 1.1.Neutral ligands
The structures of the various neutral ligands that have been used for ethylene
oligomerization/polymerization are shown in Figure 1.2.
R R
Figure 1.2 Cationic metal catalysts with neutral ligands
Of these various combinations, the a-diimines (Figure 1.3) have received the
most attention.^" ^" These catalysts were first reported by Brookhart et a/, and are
trademarked as the Versipol catalyst system by Dupont. The three key features of the
Versipol catalysts are ( 1 ) highly electrophilic nickel and palladium centers, (2) the use
of sterically bulky a-diimines, and (3) use of non-coordinating counterions. The
electrophilicity of these cationic complexes results in rapid rates of olefin insertion.
3
The use of bulky ligands favors olefin insertion over chain transfer. The use of non-
coordinating counterions provides an accessible coordination site for olefin
coordination. Due to these reasons, high molecular weight polyethytlene is obtained.
Catalysts which have all the attributes other than steric bulk serve as olefin
oligomerization catalysts.
M = Ni or Pd
Figure 1.3 a-diiniines metal catalysts for olefin polymerization
The a-diimine ligand synthesis involves the condensation of a diketone with an
alkyl or aryl amine catalyzed by Lewis or Bronsted acids. Using these synthetic routes,
the backbone and the aryl substituents are readily varied. The simplest metal precursors
are the metal dihalides. The catalyst is then synthesized by the addition of the
appropriate ligand to the metal dihalides. Methyl aluminoxane (MAO) is typically used
as a cocatlyst to generate a cationic metal center with the requisite metal-alkyl bond.
Other specific methods that do not need the use ofMAO as a cocatalyst have also been
developed to yield cationic nickel and palladium centers. '^^^
Both the nickel and palladium catalysts are active for the polymerization of
ethylene. The palladium catalysts yield high molecular weight polyethylene that is
unlike that observed with nickel. The polyethylene obtained has a branched
microstructure. It should be noted that the branched polyethylene is obtained from an
A
ethylene only feed. The branches have been attributed to a 'Chain Walking', which is
shown in Figure 1.4.'"* '^ >. i ^ •
Chain growth
C H
Extensive chain ^ Higher branches
running Insertion '
Figure 1.4 "Chain Walking" mechanism
The branch content is dependent on the ligand architecture, pressure of ethylene,
and the temperature of polymerization.'^ As ethylene pressure is increased, the number
of branches per thousand carbon atoms decreases while the catalyst productivity and
molecular weight are largely unaffected. As temperature is increased, branching is
increased with a decrease in molecular weight and melting point of the polyethylene
obtained. Polymerizations using the palladium catalysts can also be caiTied out in the
presence of ethers, organic esters and acids indicating the high functional group
tolerance of these catalysts.
Apart from generating novel polyethylenes, these catalysts also have the
distinction of being active to effect copolymerization of functional monomers such as
5
acrylates or methacrylates with olefins." '^ '^ Aqueous emulsion and suspension
polymerizations using these catalysts have been developed as a route to microspheres of
polymer for adhesives and other applications. A typical structure of ethylene/methyl
acrylate (EMA) polymer is very similar to that of an ethylene homopolymer produced
by the same catalysts. The EMA copolymers are amorphous and highly branched
materials. The ester group is distributed randomly across the polymer backbone.
Other important late transition metal-based catalysts include those based on iron
and cobalt are shown in Figure 1.5.^^'"^ These catalysts are remarkably active for
ethylene polymerization. Productivities of these catalysts match the values obtained
with the most active metallocene catalysts and the polyethylene that forms is essentially
linear, resembling HDPE. The substitution pattern on the tridentate ligand was found to
be crucial in determing the molecular weight ofHDPE obtained.
_
Ri, R2, R3 and R4 are alkyls.
Figure 1.5 Tridentate metal ligand complexes
1.1.2 Anionic ligands.
The three major classes of anionic ligands reported in the literature for olefin
polymerization are the P^O chelates, salicylaldiminato ligands and tropinones.
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Representative structures of these catalysts containing such ligand frameworks are
shown in Fiuure 1.6. '
O, ,0 H
Ph^ PhPh Ph
insitu generation L - PPhs, CH3CN, Pyridine
V J
SHOPMtalysts Salicylaldiminato catalysts Tropinone catalysts
Figure 1.6 Anionic ligand frameworks
Shell's very successful Shell Higher Olefin Process (SHOP) for the production
of linear a-olefins is an excellent example of the utility of Ni(II) complexes bearing
anionic ligands for olefin oligomerization. These catalysts have a P^O chelate as the
ligand framewok and are very selective for the insertion of ethylene versus the a-olefin.
P-hydride elimination is competitive with olefin insertion giving rise to linear a-olefins
from ethylene.
O. OH .0
Ni(C0D)2
-COD
PPh2
O
I p-hydride elimination Y ^j^r
Ph Ph
R
R' Ni(C0D)2
PPh3 -2C0D
R' Ph
Ph Ph
R-^p/ >h
Figure 1.7 Synthesis ofSHOP catalyst
The active species is presumed to be nickel (II) hydride which is generated in
situ by the reaction ofNi(COD)2 with the phosphine carboxylate ligand.""^ Higher
molecular weight polymers are obtained when ethylene is reacted with the P'^O chelate
catalysts synthesized by the oxidative addition of a phosphorous ylide to zerovalent
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nickel complex in the presence of triphenyl phosphine or other ligands as shown in
Figure 1.7."^' Varying the steric bulk on the phosphorous atom can moderate the
molecular weight of the polymer obtained. Removal of the coordinating triphenyl
phosphine by a phosphine sponge and employing weaker bases such as pyridine to
stabilize the nickel complexes allowed the synthesis of high molecular weight
.11
polyethylene. The polyethylene obtained from these SHOP catalyst systems is
essentially linear. These nickel catalysts are functional group tolerant, allowing the
homopolymerization of ethylene in the presence of polar additives, or copolymerization
of ethylene with a-olefins bearing a functional group in a position remote from the
olefin. New reports with highly active fluorinated systems have appeared in recent
27.28
'
years.
The other important class of anionic ligands are the salicylaldniinato ligands
first reported simultaneously by Dupont and Grubbs et al~^'^^ These catalysts have a
salicylaldimine as the ligand framework. Both single component systems and
multicomponent systems where there is a need for a cocatalyst have been reported and
are shown in Figure 1.8.
R r: L
H Ph PhgP
•Bu Ph PhsP
Ph Ph Ph3P
Phen Ph PhjP
Anth Ph PhsP
Anth CH3 CH3CN
Trityl CH3 CH3CN
TPhen CH3 CH3CN
Multicomponent
> Single component
Figure 1.8 Neutral Nickel Salicylaldiminato catalysts
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Single component catalysts are obtained either by increasing the steric bulk
ortho to the phenolate or by replacing triphenylphosphine with a labile ligand such as
acetonitrile or pyridine.^" The availability of many sites for substitution makes these
catalysts particularly versatile and some of the effects of substitution are shown in
Figure 1.9.
R' = t-Bu, Ph, Phen, Anthr
^
R' = Me, H ^ R' = Br. Me. iPr
Increased PE linearity Increased PE linearity Increased PE linearity
Mw and productivity M^
Figure 1.9 Subsituent effect on polymer properties
The bulky aryl substituent aids in phosphine dissociation, enabling ethylene to
bind and insert thereby leading to an increase in productivity. The structure of the
ligand framework dictates the branch content on the polymer. In addition, these
catalysts also copolymerize styrene, norbomene derivatives and a-olefms such as 1-
hexene with ethylene. " To demonstrate the functional group tolerance of these
catalysts, polymerization has been carried out in the presence of ethers, esters, ketones,
alcohols, amines and even water '
More recently, Brookhart et al. have reported neutral nickel catalysts based on
2-anilotropone and its derivatives shown in figure 1.10. The activity of these catalysts
is superior to that of the salicylaldiminato catalysts. The tropinone catalyst systems
have 5 membered metal chelates as opposed to the 6 membered chelates.
5
salicylaldiminato catalyst systems. The anionic charge is resident on the nitrogen atom
unlike that on the oxygen atom in salicylaldminato systems. Detailed studies regarding
the polymerization kinetics have since appeared.^^""
Figure 1.10 Tropinone catalysts for olefin polymerization
1.2 Late transition metal catalysts for olefin polymerization in aqueous media
Aqueous based processes are widely used for chain growth polymerization
reactions. Numerous reasons make this process attractive. Enviromnental
considerations favor the use of water over organic solvents. The viscosity of the
polymer/continuous mixture is by far lower than the viscosity of the same polymer in an
organic solvent. The polymer isolation/purification is simplified by the use of the
dispersed medium as the end product of the reaction can be seen as hard granules of
polymers dispersed in water. Mixing of additives is easier than for dried polymers,
which require energetically costly mixing steps. There are also several drawbacks to
the use of biphasic processes. The outcome of the polymerization is dictated not only
by chemical features but also by severe physical limitations, such as diffusion,
coagulation, interfacial phenomena etc. .;>i'
The Lewis acidic character of the early transition metal catalysts precludes their
use in water as a reaction medium. The late transition metals with their low
oxophilicity offer an alternative and can be thought of as potential candidates for
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performing olefin polymerization in water. The first report of a transition metal catalyst
used to perform ethylene polymerization in water was a dicationic rhodium(lll)
More recently there have been reports where late transition metal based catalyst
systems based on a-diimines, salicylaldiminato or SHOP ligands have been used to
polymerize ethylene in emulsion (figure 1.12). These catalysts have better activity and
produce semicrystalline high molecular weight polyethylene. Claverie et al. made use
of SHOP catalysts which have a P^O chelate ligand framework to obtain polyethylene
in emulsion.^^'^^ These catalysts are generated in situ by the combination of a nickel(O)
source, commonly Ni(COD)2, and a phosphine ligand.(Figure 1.7). The
.,
polymerizations are carried out at elevated temperatures and the resulting polymer is
linear. It is observed that the activity of the catalyst in water is decreased with respect to
organic solvents, which is attributed to the lowered solubility of ethylene in water and
decay of the catalyst. Stable emulsions could not obtained in the homopolymerization
of ethylene due to the high crystallinity of the polyethylene generated. Miniemulsion of
the catalyst solution is done to disperse the catalysts in small droplets thus leading to
the generation of stable emulsions of polyethylene. Copolymerizations were also
complex shown in figure 1.11. " This catalyst produces PE with activities as low as 1
turnover per day under 60 bar of ethylene.
Figure 1.11 First ethylene polymeriztion catalyst in water
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attempted with functionalized olefins leading to emulsions with better adhesion
properties.
Figure 1.12 Catalysts used to polymerize ethylene in emulsion
Mecking et al. have made use of both the a-diimines and salicylaldiminato
catalysts to perform olefin polymerization in emulsion (Figure 1.12)/*^" They have
reported the use of both water soluble and organic solvent soluble catalysts to perform
olefin polymerizations. High molecular weight semicrystalline polyethylene could be
obtained using these catalysts.
The initiation of a polyethylene chain in catalytic emulsion polymerizations is
assumed to be in the organic phase where the catalyst resides. As the hydrophobic
crystalline polymer grows, it precipitates out of solution and serves as micelle for the
growth of additional polyethylene chains. Transmission electron micrograph of the
polyethylene particles reveals a rugged surface due to the high crystallinity of
polyethylene. Copolymers made from ethylene and fianctional monomer have a smooth
surface due to decreased crystallinity.
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1.3 Late transition metal catalysts for polymerization of norbornene
The homopolymerization of norbornene can be affected via three routes, ring-
opening metathesis polymerization (ROMP), cationic polymerization or vinyl addition
polymerization as shown in figure 1.13. ROMP of norbornene results in a polymer w ith
unsaturation along the backbone. ' Cationic polymerization results in low molecular
weight polynorbomene with a rearranged backbone.^"^^ Vinyl addition polymerization
of norbornene results in a polymer with a saturated backbone of cyclic repeat units.
The vinyl addition polynorbomenes exhibit high glass transition temperature, high
optical transparency and low birefringence, all of which make them ideal materials for
many electronic and optical applications.
^^^^^^
\ Cationic
Figure 1.13 Pathways for norbornene polymerization
The vinyl addition homopolymerization of norbornene was first reported in the
early 1960's using classical TiCU based Ziegler systems. These catalysts afforded only
low molecular weight polymers and low yields. Zirconocene/Methylaluminoxane
systems yielded high molecular weight polnorbomene but these polymers are not
soluble and decompose before they melt.^^""^ Cationic palladium complexes such as
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{Pd(CH3CN)4}(BF4): (Figure 7) were then introduced by Sen et al. and served as single
component catalysts to effect homopolymerization of norbornene.^^ Risse et al. have
also made use of several late transition metal catalysts for norbomene
homopolymerization and copolymerization with a variety of functional norbomene
monomers. A combination of several commercially available nickel and palladium
salts in conjunction with either methylaluminoxane or tris(pentaflourophenyl) boranes
have been used to perform vinyl addition polymerization of norbomene/'" Reviews
about the vinyl addition polymerization of norbomene have appeared in recent
62,63
,
years. :;,/.',..; • • „;'•, y ;
An important class of catalysts used to effect these vinyl addition
polymerizations is the so-called 'naked nickel' described in the patent literature by
Goodall et al. The structure of several of these catalysts are shown in figure 1.14.
naked nickel naked palladium
Figure 1.14 Naked metal catalysts
These catalysts are called "naked"* since all of the ligands are readily displaced
by the norbomene monomer to yield highly active cationic metal nuclei. Using these
catalysts in combination with a novel chain transfer technology, it is possible to control
molecular weights from a few hundred to several million g/mol affording novel olefin
terminated polymers. It is possible to tailor the glass transition temperature by
copolymerizing 5-alkyl norbomenes with norbomene. Furthermore, these catalysts.
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especially palladium, have a high tolerance toward functional groups and homo or
copolymerization a wide variety ofnorbornene monomers bearing functional groups
have been achieved.
The fu st indication of major architectural differences between the naked nickel
and naked palladium catalyzed polynorbornenes was in their solubility behavior. The
polynorbomene prepared by a nickel-based catalyst is soluble in simple hydrocarbons
such as cyclohexane at room temperature while the polynorbomene prepared by a
palladium-based catalyst has limited solubility in chlorinated aromatic solvents at high
temperature. NMR analysis of the two polymers also reveals microstructural
differences. There are also patent literature reports of multi-component mixtures to
effect this polymerization.
The molecular weight of polynorbomene obtained by naked metal catalysts was
typically high due to lack of chain termination. This can be explained by the structure
of the growing polymer chain depicted in figure 1.15. Ha is trans to the metal center
and hence in the wrong geometry for elimination. The bridgehead Hb does not undergo
P-hydride elimination as this would violate Bredt's rule, which does not allow a sp"
hybridized carbon on a bridgehead.
Figure 1.15 Possible elimination pathways in the vinyl addition polymerization of
norbornene
Addition of ethylene or a-olefms leads to a reduction in molecular weight due to
chain transfer processes depicted in the Figure 1.16. Insertion of acyclic olefins leads to
Hb
Hg - Wrong geometry for elimination.
Hb - Bridgehead carbon.
-.1
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a growing polymer chain in which there are hydrogens at positions P to nickel and
hence elimination can now proceed leading to low molecular weight polynorbornene.
H Olefin insertion
Figure 1.16 Molecular weight regulation by chain transfer
The late transition metal catalysts were also effective in the polymerization of
functional norbomene derivatives. An additional issue relating to the polymerization of
functionalized norbomenes is the presence of exo and endo isomers. Because they are
synthesized by the Diels-Alder reaction, functionalized norbornenes derivatives sold
commercially consist of exo and endo isomers with the latter predominating. Reports
by Sen et a!, and Risse et al. have shown that endo functionalized norbomene
derivatives are slow to polymerize. Thus the drop in polymerization rate for
commercial functionalized norbomene mixtures has been ascribed to the formation of a
chelate by coordination of the metal to the functionality and the C=C bond along the
endo face as shown in figure 1 . 1 7.^^-^°
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RX H
H Pd- -X
R
Figure 1.17 Modes of bonding for functionalized norbornene derivatives (X =
1.4 Summary and thesis outline
The first catalyst systems that were used to polymerize olefins were ill-defined
mixtures of transition metal compound and alkyl aluminum. The catalysts and the
cocatalysts were also air and moisture sensitive. Half a century after Zeigler's and
Natta's original discovery, the advances in the field of organometallics have made it
possible to synthesize well-defined single site catalysts using both early and late
transition metals. Neutral nickel catalysts that have an anionic ligand framework
should serve as likely candidates for performing copolymerizations of olefin with
functional monomers or to performing olefin polymerizations in water. The catalyst
will be designed such that low molecular weight branched polyethylene would be
obtained (chapter 2). Due to the expected functional group tolerance of these catalysts,
they will be employed to perform olefin polymerizations in organic media (chapter 3) or
water (chapter 4). A comparison between the polyethylene produced in water and
organic media should help us understand the effect of water on the catalyst stability and
polymerization kinetics. These catalysts would also be used to perform polymerization
of strained cyclic olefins such as norbornene and its derivatives (chapters 5 and 6).
coordinating functionality)
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CHAPTER 2
SYNTHESIS OF NOVEL NICKEL BASED CATALYSTS.
2.1 Introduction
,
The synthesis of well-defined late transition metal catalysts has proven to be a
key factor in the synthesis of polyolefins with novel microstructures. One class of late
transition metal catalysts that shows promise in incorporating functional monomers are
the neutral nickel salicylaldiminato catalysts reported simultaneously by Grubbs et a/.
and by workers at Dupont.'""* The catalysts have an anionic bidentate N^O ligand
framework and a late transition metal typically. Nickel or Palladium.
These salicylaldimine ligands are attractive because of the their ease of
preparation. The steric and electronic effects on the ligands can be systematically varied
as reported by Grubbs et al. (Figure 2.1). Single crystal measurements of these
diamagnetic complexes confirm their square planar geometry.
R R! L
H Ph PhsP
'Bu Ph Ph3P
Ph Ph Ph3P
Phen Ph Ph3P
Anth Ph Ph3P
Anth CH3 CH3CN
Trityl CH3 CH3CN
TPhen CH3 CH3CN
Figure 2.1 Neutral nickel salicylaldiminato catalysts (single and multicomponent)
For the complexes with less steric bulk at the ligand (R = H, 'Bu, or Ph) a
phosphine sponge was required to remove triphenyl phosphine and effect ethylene
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polymerization. Higher steric bulk in the ortho position of the salicylaldmine ligand
precludes the need to use a phosphine sponge by aiding in the dissociation of triphenyl
phosphine, thus generating highly active single component catalysts. Phosphine free
systems where acetonitrile is used as a labile ligand were also reported and were found
The mode of deactivation for the salicylaldiminato catalysts is the formation of
bischelated complexes as shown in Figure 2.2. Such bischelated complexes can be
synthesized by independent methods and have been proved to be inactive for ethylene
polymerization. The presence of steric bulk at the ortho position of the salicylaldimine
ligand apart from aiding in phosphine dissociation, also prevents the formation of bis
chelate and thus deactivation of the catalyst.^
2.2 Experimental section
^
2.2.1 Reagents and general techniques
Chemicals were generally purchased from Aldrich and purified before use.
Reactions involving air-sensitive compounds were performed under nitrogen in Schlenk
glassware or in an inert atmosphere dry box. The solvents (Toluene, Diethyl ether,
Hexanes) used for the synthesis of complexes were collected from the solvent line.^
Tetrahydrofuran (THF) was dried under molecular sieves and distilled from sodium and
to be more active than the phosphine bound systems."
Figure 2.2 Catalyst decay pathway by bischelate formation
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benzophenone before use. Nickel (II) acetylacelonate. triphenylphosphine, and 2,2'
bipyridyl were recrystallized from ethanol before use. Chlorobenzene. allylchloridc. 1-
chloronaplilhalene, l-chloro-2-phenylethane and l-bromo-3-phenyl propane were dried
with calcium hydride and distilled before use.
2.2.2 Material Characterization
Proton NMR and '^C NMR analysis of the ligands, metal precursors and the
catalysts were performed either on a Bruker 300 MHz instrument or on Avance 400
usmg the residual 'H or '^C NMR signal from the solvent as internal standard.
Phosphorous NMR analysis of the metal precursors and the catalysts were performed on
a Bruker 300 MHz instrument using signal from phosphoric acid as external standard.
Elemental analyses were performed using three Exeter Analytical Inc.240XA CHN
analyzers.
i
,
2.2.3 Synthesis of tetrakis (triphenyl phosphine) Nickel (1)^
To a stirred diethyl ether solution of Nickel (II) acetyl acetonate (19.5 mniol)
and triphenyl phosphine (78.3 mmol), 8 ml diethyl aluminium ethoxide (44.8 mniol)
was added dropwise. The mixture was stirred for 30 minutes and the homogenous
reddish brown solution obtained was allowed to stand at room temperature for about a
day. The reddish brown crystals which precipitated were separated by filtration,
washed with diethyl ether (20 ml), hexane and dried on Schlenk line for few hours
before use in further reactions (80% Yield). It was observed that it was necessary to get
rid of trace amounts of diethyl ether from the red crystals for success in further
reactions.
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2.2.4 Synthesis of trans-Bis(triphenyl phosphine) chloro phenyl Nickel (2)^
To a stiiTed solution of 1 (0.85 mmol ) and 15 ml of toluene, was added 0.5 ml
(4.9 mmol) of chloiobenzene at room temperature. After stirring for 10-20 minutes, the
original reddish brown color disappeared and a yellowish brown solution was observed.
The homogenous solution was allowed to stand for one day. The solvent was removed
under vacuum and the residue washed with hexane to yield brownish yellow crystals
(0.42g, 71% yield).
^'P(300MHz, C7D8) 5 22.4 ' ' ' "
'
2.2.5 Synthesis of Allyl chloro triphenyl phosphine Nickel (3)
To a toluene solution ( 1 5 ml) of 1 (2.776g, 2.5 mmol). was added allyl chloride
(0.4ml, lOmmol) dropwise. There was an immediate color change to dark red and the
reaction mixture was stirred for 2-3 hours. Toluene was then removed under vacuum
and hexane (100ml) used to precipitate dark red crystals (80% yield).
'H NMR (300 MHz, CyDs): 5 7.5-7.0 (m, 5H), 6 4.9 (m, H). 5 3.2 (d, ^J^s. 6.9 Hz, 2H),
5 2.4 (d, Xans. 13.8 Hz, 2H).
^'P(300 MHz, C7D8)5 9.9.
2.2.6 Synthesis of Diethyldipyridyl Nickel (4)
^
To the diethyl ether solution of Nickel (II) acetylacetonate (4 g, 15.6 mmol) and
2,2* dipyridyl (6 g, 38.4 mmol) was added diethyl aluminium ethoxide (7ml, 39.2
mmol) dropwise with constant stirring. The mixture was agitated until the reagents
were completely dissolved and was then kept standing at room temperature. Dark green
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crystals that precipitated were separated by filtration and washed with ether and hexane
and dried. (80% yield).
'H NMR (400 MHz CD3CN): 5 9.3-7.2 (m, 8H), 5 1.5-0.5 (m, lOH).
2.2.7 Synthesis of phenyl dipyridyl Nickel chloride (5)
**
To a toluene solution of 4 (1.4 nimol) was added chlorobenzene (3.5 mmol)
dropwise at room temperature with constant stirring. It was very important that the
addition was done slowly and dropwise, to control the exothermic nature of the reaction
in the glove box. There was immediate color change from dark green to dark red. The
volatiles were removed on the Schlenk line and hexane added to yield dark red crystals
(78% yield).
NMR (400 MHz CD.Cb) 6 9. 1 (s, 2H), 5 8. 1 -6.8 (m, 11 H).
2.2.8 Synthesis of naphthyl dipyridyl nickel chloride (6)
^
To a toluene solution of 4 (1.4 mmol), was added 1-Chloro naphthalene (3.5
mmol) dropwise at room temperature with constant stirring. It was very important that
the addition was done slowly dropwise to control the exothemiic nature of the reaction
in the glove box. There was immediate color change from dark green solution to dark
red. The volatiles were removed on the Schlenk line and hexane (50ml) added as non-
solvent to yield dark red crystals (72% yield).
^H NMR (400 MHz, CD2CI2) 6 9.9 (s, IH), 8 9.3 (s, IH), 5 8.1-6.9 (m, I3H).
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2.2.9 Synthesis of Phenantherenyl dipyridyl nickel bromide (7)
To a toluene solution of 4 (1.4 mmol) was added 9-bromo phenanthrene (2.1
mmol) with constant stirring. There was immediate color change from dark green
solution to dark orange. The volatiles were removed in the schlenk line and hexane
added as non-solvent to yield orange crystals (76% yield)
'H NMR (400 MHz, CD2CI2) : 5 10.2 (s, IH), 5 9.5 (s, IH), 5 8.9-6.9 (m. 14H).
2.2.10 Synthesis of Bis(triphenylphosphine) Nickel dichloride (8)
A solution of nickel chloride hexahydrate (0.01 mol) in water (3 ml) was diluted
with glacial acetic acid (50 ml) and triphenylphosphine (0.02 mol) in glacial acetic acid
added. The olive-green microcrystalline precipitate was kept undisturbed in contact
with its mother liquor for 24 hr. The dark blue crystals were filtered off, washed with
acetic acid and dried in vacuum (84% yield).
Elemental Analysis calculated for CseHsoCbNiP:: C, 66.1%; H, 4.6% Found: C, 65.9%;
H,4.7%. "
'
2.2.11 Synthesis of Schiffs base (9a-9c)
To an ethanol solution of the 2 hydroxy 1 naphthaldehyde (0.35 mole) was
added the corresponding amine in equimolar amount. A few drops of formic acid were
added as a catalyst and the mixture refluxed at 85^ C for 150 minutes. The reaction
mixture was then cooled (0 '^C) yield the Schiffs base in quantitative yields. The Schiffs
bases were recrystallized from ethanol and dried under vacuum before use.
9a 'H NMR (300 MHz, CDCI3): 5 9.0 (s, H), 5 8.1-7.0 (m, 9H), 6 2.3 (s. 6H).
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'X NMR (75 MHz, CDCI3): 5 167.9, 161.3, 145.9. 136.1. 133.3, 129.4, 128.8, 128.1,
127.4, 125.7. 123.5, 121.6, 118.9, 108.5, and 18.8.
Elemental analysis calculated for C19H17NO: C, 83.0%; H 6.19%; N, 5.1 1% Found: C,
82.98%; H, 6.31%; N, 5.04%. ,
;
9b 'H NMR (300 MHz, CDCI3): 6 9.2 (s, H). 5 8.2-7.2 (m, 9H), 0 2.7 (q, 4H), 6 1.2 (t,
6H).
^^C NMR (75 MHz, CDCI3) 8 167.4, 161.7, 145.3, 136.0, 135.8, 133.2, 129.4, 128.1,
127.5, 126.9, 126.1, 123.5, 121.4, 118.9, 108.5, 25.1, and 15.1
Elemental analysis calculated for CziH^iNO: C, 83.05%; H, 6.92%; N, 4.61% Found: C,
83.28%; H, 6.99%; N, 4.64%.
9c 'HNMR (300 MHz, CDCI3) 8 9.0 (s, H), 8 8.1-7.2 (m, 9H), 8 3.1 (sep, 2H), 8 1.4 (d,
6H). ^ .
,
'^C NMR (75 MHz, CDCI3): 8 167.4, 161.8, 144.1, 140.3, 136.0, 133.3, 129.5, 128.2,
127.5, 126.4, 123.7, 123.6, 121.5, 118.9, 108.5, 28.4, and 23.8.
Elemental analysis calculated for C23H25NO: C, 83.26%; H, 7.54%; N, 4.22%; Found:
C, 83.52%;H, 7.15 %; N, 4.21%.
2.2.12 Synthesis of Sodium salts (lOa-lOc)
To a solution of Schiffs base (0.1 mole) in THF, was added an excess ofNaH
(0.3 mole), the reaction was stirred overnight, filtered and evaporated. The residue was
washed with hexanes to yield yellow colored sodium salts, which were dried in Schlenk
line before further use.
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10a 'H NMR (300 MHz. CDCI3): 8 8.95(s. H), 6 7.88 - 6.6 (m, 9H), 6 1 .94 (s, 3H), 8
3.57 (m, 4H, THF), 8 1.73 (m, 4H. THF). ' •
^^C NMR (75 MHz. CDCI3) 8 171.3, 164.9, 153.7, 137.4, 135.0, 129.3, 128.7, 128.4,
127.4. 126.3, 126.1, 123.9, 121.0, 1 19.6, 1 1 1.7, 68.3, 64.7, 25.9, 25.3, and 18.6.
Elemental analysis calculated for CigHigNONa (THF) 14: C, 74.21%; H, 6.83%; N,
3.51%; Na, 5.78% Found: C, 74.52%; H, 6.67%; N, 3.48%, Na, 5.81%.
10b 'H NMR (300 MHz, CDCI3) 8 8.97 (s, H), 8 7.91-6.67 (m 9H), 8 3.64( m, 4H,
THF), 8 2.23(q, 4H), 8 1.79(m, 4H, THF), 8 0.85( t, 6H).
^^CNMR (75 MHz, CDCI3) 8 171.62, 164.79, 152.99, 137.6, 135.2, 134.6, 129.3, 127.5,
126.5, 126.4, 126.3 124.3, 121.1, 119.5, 111.4, 68.32, 32.0, 25.9,25.2, 24.6, 23.1, and
15.1.
Elemental analysis calculated for C2iH2oNONa (THF) 2 05: C, 74.10%; H, 7.71%; N,
2.96%; Na, 4.86% Found: C, 73.91%; H, 7.78%; N, 2.92%, Na, 4.78%.
10c 'H NMR (300 MHz, CDCI3) 8 8.98(s, H), 8 7.89-6.7(m 9H), 8 3.66 ( m, 4H, THF),
8 2.84( broad singlet, 2H), 8 1.82(m, 4H, THF), 8 0.99( broad peak, 6H).
'^CNMR(75 MHz, CDCI3) 8 171.7, 165.45, 152.0, 139.8, 137.8, 136.0, 129.3, 127.6,
126.4, 126.3, 124.7, 123.8, 121.0, 1 19.2, 1 10.9, 68.3, 64.7, 32.0, 28.4, 26.0, 25.8, 25.3,
23.9, 23.0, and 14.5.
Elemental analysis calculated for C23H24NNaO(THF) 1 95: C, 74.91%; H, 8.03%; N,
2.84%; Na, 4.66% Found: C, 75.18%; H, 8.05%; N, 2.79%, Na, 4.72%.
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2.2.13 General procedure for the synthesis of 11-13
The sodium salt of the Schiffs base (1.44mmol) and the metal precursor
Ni(PPh3)2PhCl (1 .42mmol) were stirred in toluene overnight, filtered to remove NaCl,
and evaporated. The solid was washed well with hexanes to remove the PPh^ to yield
orange yellow final catalysts (11-13).
1 1 'H NMR (300 MHz, CeD(,): 6 8.8 (d, H), 5 7.9 - 6.2 (m, 29H). 5 2.5 (s, 3H).
^'P NMR (300 MHz, C(,D(,) 6 28.4
^^CNMR(75 MHz, CeDe): 5 166.9, 159.8, 153.6, 138.0, 137.9, 135.0, 134.9, 134.8,
132.1, 130.7, 129.9, 129.3, 128.5, 128.3. 127.8, 126.1, 125.3, 125.2, 122.2, 119.0, 11.2,
32.1, 23.2, 19.9 and 14.5.
Elemental analysis calculated for C43H36NNiOP: C, 76.82%; H, 5.36%; N, 2.08%; P,
4.61% Found: C, 76.78%; H, 5.35%; N, 1.98%; P, 4.58%.
12 'H NMR (300 MHz C^De): S 8.95 (d, H), 5 7.9 - 6.4 (m, 29H), S 3.5(m, 2H), 8
3.2(m,2H),6 1.5 (t,6H).
^'P NMR (300 MHz, C6D6) 528.35.
Elemental analysis calculated for C45H4oNNiOP: C, 77.18%; H, 5.72%; N, 2.00%; P,
4.40% Found: C, 77.21%; H, 5.75%; N, 2.04%; P, 4.38%
13 'H NMR (300 MHz, C6D6): 6 9.0 (d, 'j, 8.7Hz, H), 5 7.9 - 6.5 (m, 29H), 5 4.2 (sep,
^J, 6.9Hz, 2H), 6 1.5 (d, 6H), 6 1.5 (d, 6H).
^'P: NMR (300 MHz,CM 5 27.7
'^CN1V[R(75 MHz, CeDe): 5 166.9, 160.5, 151.2, 147.8, 147.2, 141.3, 138.5, 135.1,
134.9, 134.7, 132.2, 129.9, 129.5, 128.5, 128.2, 128.0, 127.8, 126.3, 125.6, 123.1,
122.3, 1 18.8, 1 10.4, 32.1, 29.1, 26.1, 23.2, 23.0 and 14.5.
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Elemental analysis calculated for C47H44NNiOP: C. 77.50%; H, 6.05%; N, 1.94%; P,
4.26% Found: C, 77.48%; H, 6.09%; N, 1.97%; P, 4.21%
2.3 Results and Discussion
2.3.1 Phosphine Bound Catalyst Synthesis
The structure of the ligand framework plays an important role in determining the
polymerization activity of the catalyst and molecular weight of polyolefm obtained. We
chose to use bidendate N^O chelate ligands with neutral metal catalysts because of their
expected tolerance to functionality enabling the synthesis of functional polyolefms. In
our attempt to identify ligand frameworks, which would yield low molecular weight
polyethylene, we chose to use naphthaldimines as our basic ligand framework. The
catalyst synthesis involves two steps, the ligand synthesis and the metal precursor
synthesis. The Schiffs base is synthesized by the condensation of naphthaldehyde with
various substituted anilines as shown in figure 2.3.
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R = Methyl (9a)
R = Ethyl (9b)
R = Isopropyl (9c)
Figure 2.3 Synthesis of ligand frameworks
Thus sets of ligands, which vary in the nature of the subsituents in the ortho
positions of the aniHne, have been prepared. This would allow us to study the effect of
steric bulk on the activity of the catalyst and catalyst stability. The 'H and '^C NMR
spectra of the ligands (9a, 9b and 9c) are attached in the appendices (A, B, C
respectively). The phenolic proton of the Schiffs base was then deprotonated with
sodium hydride over a 12-hour period to enable complete conversion as shown in figure
2.4.
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R = Methyl 10a
R = Ethyl 10b
R = Isopropyl 10c
Figure 2.4 Synthesis of sodium salt of Schiffs base
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Figure 2.5 Illustrative NMR of ligand 9b (bottom), and 10b (top)
The 'H NMR and '^C NMR spectra of the sodium salts (10a, 10c) attached to
the appendix (D, E, F) shows the quantitative conversion ot the Schiffs base to the
sodium sah. Illustrative 'H NMR spectra of the Schiffs base (9b) and the sodium salt
(10b) are shown in figure 2.5. The proton in the sodium salts ortho to the phenolic
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oxygen appears as distinct doublets at 6 6.6 ppm. The sodium salts were isolated as
THF adducts.
The synthesis of metal precursor also involves two steps. In the first step,
nickel(ll)acetylacetonate is reduced to nickel(O) by diethyl aluminum ethoxide which is
then captured by triphenylphosphine to yield tetrakis(triphenylphosphine) nickel(l). In
the second step of the metal precursor synthesis, an aryl halide (chlorobenzene) is
oxidatively added to 1 to form trans bis(triphenyl phosphme) nickel phenyl chloride (2)
as shown in figure 2.6.
Ether EtsAIOEt
Overnight
Ni(PPh3y Toluene
Overnight
Ni(PPh3)4
1
Ni/ \
CI PPh3
2
Figure 2.6 Synthesis of Metal Precursor
20 0 ppm
Figure 2.7 NMR of Metal Precursor 2
It was found to be necessary to remove all of the diethyl ether from 1 by drying
the dark red crystals on the Schlenk line to have a successful synthesis of 2. The ^'P
NMR spectrum of 2 (figure 2.7) shows a single peak confirming the trans nature of the
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two triphenylphosphines in complex 2. In the final step of catalyst synthesis, the
sodium salt of the Schiff s base is ligated to the metal to result in complexes 11-13 as
shown in figure 2.8.
Catalyst 11 - R = Me
Catalyst 12 - R = Ethyl
Catalyst 13 - R = Isopropyl
Figure 2.8 Synthesis of catalysts 11-13
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Figure 2.9 NMR spectra of 12, (inset, ^'P NMR)
The NMR of one of the catalysts (12) is shown in figure 2.9 while the other
spectra (11.13) are attached as appendices (G. H). From the 'H NMR spectra it can be
seen that the triphenyl phosphine is attached trans to the nitrogen atom since the imine
proton appears to be a doublet. This arises due to the 4-bond P-H (trans) coupling of
the imine nitrogen with ^'P of triphenylphosphine. The ligation of the Schiffs base to
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the metal renders the methylene protons of the ethyl group diastereotopic and hence
they appear as two different peaks at 6 3.5 and 5 3.2.
It is well known in organometallic literature that a metal-carbon bond is needed
to initiate coordination polymerization of olefins. The ease of initiation is dependent on
the hybridization of the carbon in the metal-alkyl bond, which follows C (sp^ > sp'^
>sp). Attempts were made to obtain metal precursor, which have a nickel-C (sp~) bond
as shown in figure 2.10.
CH2CH2CI
Ni(PPh3)4
^
CH2CH2CH2Br
Toluene
^ Elemental Nickel
deposition
,, ,
Toluene Elemental Nickel
Figure 2.10 Synthesis of metal precursors
It was observed that even though there was a color change from dark red of 1 to
yellow immediately upon the addition of 2-phenyl chloroethane, with progression of
time, elemental nickel deposition was detected. An attempt to do a one pot reaction of
the generation of Nickel (II) complex followed by reaction with sodium salt of the
Schiffs base did result in catalyst generation but also led to the formation of bischelate
as seen in figure 2.1 1. The presence of the bischelate in the reaction mixture was
confinned by 'H NMR spectra attached in the appendix (I).
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Figure 2.11 /// situ reaction leading to bischelate formation
The bischelate could also be synthesized by separate methods as shown in
Figure 2.12 wherein the sodium salt of the Schiffs base is reacted either with dimethoxy
ethane nickel (II) dichloride (available commercially) or with
bis(triphenylphosphine)nickel(II) dichloride (8). The 'H NMR spectrum of the
bischelate (used as reference) is attached to the appendix (J). The peaks at 5 5.6
(doublet assigned to the proton ortho to the phenolic oxygen) and S 8.1 (singlet
assigned to the imine proton) were used as reference peaks to detect the fomiation of
bischelate in reaction mixtures.
Figure 2.12 Synthesis of bisehelates
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2.3.2 Pliosphine-Free Catalyst Synthesis
The use of a transition metal complex as olefin polymerization catalyst is
dependent on two factors dictated by the Cosee-Arlmann coordination-insertion
mechanism. They are, (i) the presence a metal carbon bond and (ii) availability of
vacant coordination site for the olefin to coordinate and insert into the metal carbon
bond. In the catalyst systems (11-13) described so far, the coordination site is occupied
by triphenylphosphine. The triphenylphosphine would have to be removed by a
phosphine sponge to render active catalyst structures for the polymerization of ethylene.
In an effort to obtain single component catalyst systems with a labile ligand the
synthesis of several metal precursors and catalysts was attempted. Towards this goal, a
metal precursor containing an allyl group (3) was synthesized (figure 2.13) whose 'H
NMR and ^'P NMR spectra are shown in figure 2.14.^^
Ni(PPh3)4 + ^^^^^ I2!yene ^ I + 3 PPhs
Ph^P' CI
Ni
'3"
3
Figure 2.13 Metal precursor synthesis
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8 8 8 8
Figure 2.14 *H NMR spectra of metal precursor (3), inset ^'P NMR
The reaction of the sodium sah of Schiffs base (10c) with the metal precursor in
THF solution was expected to lead to phosphine free catalyst system. However, it was
observed that this reaction did not proceed to completion and always resulted in a
mixture of compounds as shown in figure 2.15.
10a-10c 3
Figure 2.15 Attempted phosphine-free catalyst synthesis
Since this route was not successful, another route utilizing bipyridyl nickel (II)
precursor (4) was employed. The complex was synthesized by the reaction of Nickel
(II) acetyl acetonate with dipyridyl in the presence of diethyl aluminium ethoxide as
shown in figure 2.16. ^ The 'H NMR of complex 4 in acetonitrile is shown in figure
2.17.
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Figure 2.16 Synthesis of 4
50 00
ppm
Figure 2.17NMR of 4
The green color complex (4) had limited stability and it was observed that
elemental nickel was generated after a few days. The green colored complex (4) can be
reacted with a variety of aryl halides to yield bipyridyl nickel (II) aryl halide complexes
(figure 2. 1 8). It was necessary to do these reactions under dilute conditions with
dropwise addition of the aryl halide to control the fast reaction kinetics. The 'H NMR
spectrum of these complexes is attached to the appendices (K).
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Br
6
Figure 2.18 Synthesis of 5-7
It was assumed that the increasing steric bulk of the aryl halide would aid in the
prevention of the bischelate formation. However, it was observed that bischelate was
formed when these Nickel (11) complexes were reacted with sodium salt of Schiffs base
in the presence of acetonitrile as shown in figure 2.19. Upon the addition of 5, 6 or 7 to
a toluene solution of lOc. in the presence of acetonitrile, it was observed that there was
development of an orange colored solution, which within 30 minutes changed color to
green. The solvents were then removed on the Schlenk line to yield green colored solid
in all cases. The 'H NMR spectra of the green solids obtained, shown in figure 2.20
clearly reveals that bischelates are formed in these attempted syntheses.
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CHgCN
N
^Cl
R = Phenanthrenyl
= Naphthyl
= Phenyl
Toluene or CH2CI2
Green Solid Bischelate
Figure 2.19 Attempted pliosphine-free catalyst synthesis
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Figure 2.20 NMR to prove bischelate formation
Other attempts to obtain phosphine-free catalysts involve reactions shown in
figure 2.2 1 . However it was observed that they led to the generation of bischelate
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whose NMR is attached to the appendix (L, M). The presence of triphenylphosphine in
the coordination site of nickel leads to the generation of stable monochelate of the
ligand with the metal. However the presence of acetonitrile in the coordination site
always led to the generation of bischelate irrespective of the nature of metal precursor
used. This is due to the low steric bulk of the ligand that permits the ligation of two
ligands to each metal center. Hence we were unable to obtain phosphine-free catalyst
systems from the naphthaldimine ligand framework.
Green Solid Bischelate
4 9c
Figure 2.21 Bischelate formation in attempted phosphine-free catalyst synthesis
2.3 Summary
We were successful in the synthesis of phosphine-bound catalysts 11-13 through
a combination of organic and organometallic synthesis. Our attempts to synthesize
phosphine-free catalysts by employing acetonitrile as a labile ligand were not successful
despite systematic increase in the steric bulk of the metal precursor. We attribute this to
the lowered steric bulk of the naphthaldimine ligand framework that makes it possible
to fit two ligands around one metal center. The catalysts (11-13) will be used to effect
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the polymerization of ethylene in organic and aqueous media (Chapter 3 and 4).
will also be employed to polymerize norbornene and its functional derivatives in
organic media (Chapters 5 and 6). '
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CHAPTER 3
HOMOPOLYMERIZATION OF ETHYLENE AND COPOLYMERIZATION
WITH FUNCTIONAL MONOMERS USING NICKEL BASED CATALYSTS IN
ORGANIC MEDIA
3.1 Introduction
The lower oxophilicity and greater functional group tolerance of late transition
metals relative to early transition metals makes them likely targets for the development
of catalysts for the homo and copolymerization of functional monomers with olefins
under moderate conditions. Such late transition metal catalysts have been classified
into two major groups, neutral ligands with cationic metal and anionic ligands with
neutral metal as was explained in detail in chapter 1 . Among the late transition metal
catalysts which have a anionic ligand framework and neutral metal, the important
subclasses include; the so-called SHOP (Shell Higher Olefin Process) catalysts which
have bidentate anionic P'^O ligands, salicylaldiminato catalysts which have bidentate
anionic N^O ligand (negative charge residing on oxygen) and tropinone catalysts which
also have bidentate anionic N^O ligand but with negative charge residing on the
nitrogen atom.
The first examples of the use of bidentate P'^O ligands for ethylene
oligomerization with high rates and good selectivity were reported by Keim and
coworkers. " This development eventually led to the industrialization of SHOP process
for producing linear a-olefins. The SHOP catalysts are mainly divided into two classes,
the carboxylic phosphines and the enolato phosphines as shown in Figure 3.1.
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o PV \ H R O
Ph^ Ph R? /Px_
/n s/fi7 generation Ph^ Ph
R = Ph
L = Olefin
R = CO2H Ri = Ph R2 = SOsNa L = PPhg
L = Olefin Ri = CF3 R2 = C02Et L = Olefin
Figure 3.1 SHOP catalysts - Carboxylic and Enolato phosphines
When the free coordination site on the Hgand (L) is occupied by electron rich
donors such as PPhj, oHgomerization occurs whereas less electron rich ligands such as
pyridine favor polymerization. It is also possible to switch from an oHgomerization
catalyst to a polymerization catalyst by using a phosphine sponge as first disclosed by
Klabunde.^"^ It has been shown that these complexes are tolerant to polar molecules and
copolymerize ethylene with monomers bearing functional groups. However, a spacer
group typically separates the polar group from the tenninal olefin. Steric and electronic
modifications on the ligand have been attempted to increase the activity of the catalyst.
Incorporation of an electron-withdrawing group on the ligand leads to an increase of
catalyst activity as demonstrated with a sulfonate group, and more recently with
perfluoro substituents.^ The polyethylene that is obtained using the SHOP catalysts is
linear and highly crystalline.
!
The salicylaldiminato catalysts were simultaneously reported by Grubbs et a/.
and workers from Dupont.^"'*^ These catalysts have an anionic N^O ligand framework
and are prepared in high yields from acid catalyzed condensation of various anilines
with salicylaldehyde, followed by reaction with a nickel precursor to yield catalyst
structures shown in figure 3.2."
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CH3 CH3CN
CH3 CH3CN
VSingle component
TPhen CH3 CH3CN
Figure 3.2 Salicylaldiminato catalysts, phosphine bound and phosphine-free
systems
The incorporation of bulky substituents (R = Phen, Anth and L = PPhs) in the
ortho position of phenoHc oxygen prevents a Lewis base such as PPhs from
coordinating during polymerization leading to the formation of high molecular weight
polyethylene without the use of a phosphine sponge. The catalyst decay through the
fonnation of a bischelate is decreased by the incorpoiporation of steric bulk at the ortho
position to the phenolic oxygen. The addition of two isopropyl groups in the ortho
positions of the aniline hinders the axial site of the square planar complex, thereby
facilitating the synthesis of high molecular weight polyethylene. Phosphine-free
catalyst systems that utilize acetonitrile as a labile ligand (figure 3.2) function as single
component catalysts with high activity leading to the generation of high molecular
weight polyethylene. Electron withdrawing groups on the ligand yields catalysts of
higher activity. These catalysts have also been used in the copolymerization of ethylene
with 1-octene and with a.co olefins where the functional group is separated from the
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terminal olefin by a spacer group. '"^ Copolymerization with norbornene bearing
functional polar groups have been successful and their incorporation can reach 22 wt%.
The third class of neutral nickel catalysts are those based on tropinones
described by Brookhart et al}^'^^^ These ligands were synthesized based on the report by
Keim and coworkers who showed that homologation of a five membered chelate SHOP
catalyst to a six membered chelated catalyst leads to loss of polymerization acivity. The
2-anilotropone ligand is an anionic N'^O chelate, with a hindered aryl group and
complete conjugation between N and O. The various catalyst architectures that have
been synthesized are shown in Figure 3.3. These are single component catalysts, which
do not require a phosphine sponge whose activity is dependent on the structure of
ligands, temperature and ethylene pressure. Reports based on anilinoperinaththenone
ligands and mechanistic studies have appeared recently.'^
Ar= 2,6 (CH3)2C6H3 l ^
I
2,6 (iPr)2C6H3 ^/N^" N A
2,6 (C6H5)2C6H4 II N^^^ 2,6 (CH3)2C6H3
3.5 (CF3)2C6H3 If \ .---^-^A^ 2,6 (iPr)2C6H3
2.6 F2C6H3
Figure 3.3 Neutral nickel tropinone catalysts
3.2 Experimental Section
3.2.1 Reagents and general techniques
The catalysts 11-13 were synthesized as outlined in chapter 2. Copper (I) salts
used for the polymerizations were obtained from Aldrich. Toluene used as solvent in
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polymerizations was collected from a solvent line.'^ The comonomers. 1-octene and co-
undeceneyl alcohol were dried with calcium hydride and distilled before use.
3.2.2 Material Characterization
Molecular weight data was obtained on PL220 high temperature GPC equipped
with a Wyatt minidawn high temperature light scattering detector and refractive index
detector at 135*^C using 1,2,4 trichlorobenzene as solvent using narrow molecular
weight polystyrene standards for calibration. Proton NMR analysis of the polyolefms
was performed in Avance DPX 600 or Avance DPX 400 MHz at 100 ^'C in 1,1,2,2
tetrachloro ethane using the residual proton signal from the solvent as internal standard.
Quantitative solution '^C NMR of the polyolefms were recorded at 150 MHz using
Avance DPX 600 or at 75 MHz using Avance DPX 400 in continuously proton
decoupled mode with a delay time of 8 seconds. Thermal analysis was performed using
TA DSC 29 1 0 under continuous nitrogen purge with a scan rate of 1 0 ^C/min.
3.2.3 Honiopolyinerization of ethylene
The polymerization of ethylene utilized thick-walled glass reactor that was
loaded with toluene (25 ml), catalysts (33 ^moles) and copper cocatalyst (132
l^imoles).'^ The ethylene pressure was set at required value with continual supply to
ensure constant pressure for 2h. For polymerizations involving use of higher
temperatures the reactor was placed in an oil bath set at the requsite temperature. The
polymer was precipitated into acidic methanol, washed with copious quantities of
methanol to remove residual catalyst and dried overnight at 80 "C under vacuum.
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3.2.4 Copolynierization of ethylene with functional monomers
The polymerization was performed in a thick-walled glass reactor that was
loaded with toluene (25 ml) catalyst (33 ^imoles) and copper cocatalyst (66 ^imoles).
The comonomer was taken in a separate 5 or 10 ml metal cylinder attached to the glass
reactor. The ethylene pressure was set at the required value with continual supply to
ensure constant pressure for 2hr. The polymer was precipitated into acidic methanol,
washed with copious quantities of methanol to remove residual catalyst. The samples
were dried overnight at 80 °C under vacuum.
3.3 Results and Discussion j
3.3.1 Homopolymerization of ethylene
The propensity of the late transition metal catalysts to undergo p-hydride
elimination has been responsible for their extensive use as oligomerization catalysts.
Brookhart et al. have since estabilished that by the use of bulky ligands, P-hydride
elimination could be avoided leading to the generation of high molecular weight
polyolefins.''^ Grubbs et al. extended the idea to the salicylaldimine catalysts
introducing steric bulk ortho to the phenolic oxygen. '
'
Our motivation for the use of salicylaldimine catalysts is due to the expected
tolerance toward functional monomers due to the neutral nature of the metal. The
naphthaldimine framework with low steric bulk a to the oxygen was chosen such that
low molecular weight polyethylene would be synthesized. The ligand frameworks
(10a- 10c) varied in the nature of the R group of the aniline and would form an
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interesting set of ligands in tiie study of the effect of steric bulk on the activity of the
catalyst, catalyst stability and molecular weight of polyolefin obtained.
According to the Cossee-Arlmann insertion mechanism, it is necessary to have a
vacant coordination site on the transition metal to make it an olefin polymerization
catalyst. In our case, this means that it is necessary to remove the triphenyl phosphine
from 1 1-13 by using a phosphine sponge. Traditional phosphine sponges used in the
literature include Ni(C0D)2 or B(C6F5)3 which are expensive, air and moisture
sensitive. Our attempts to synthesize Ni(C0D)2 by the reduction of nickel(II)
acetylacetonate with diethyl aluminum ethoxide followed by ligation with
cyclooctadiene as shown in figure 3.5 were successful in generating yellow colored
crystals of Ni(C0D)2.''^' However our attempts to isolate the yellow crystals by solvent
removal always led to elemental nickel deposition on the sides of the flask. At
instances when we could isolate the yellow crystals, they turned black in few days.
N -Ph R = Methyl 11
R = Ethyl 12
PPha R = Isopropyl 13
Figure 3.4 Complexes used for the polymerization of ethylene
Ether EtjAIOEt
2hrs
-78°C
NI(C0D)2
Figure 3.5 Attempted synthesis of Ni(COD)2
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Since we were interested in polymerizations in aqueous media, it was apparent
to us that we needed a phosphine sponge that would not be air sensitive and would be
moisture tolerant. Looking at the literature on phosphine sponges we realized that
copper (I) chloride has been used as a phosphine sponge in organic reactions.'"'* Their
use in olefin polymerization was however unexplored. When copper(I) chloride was
stirred with catalysts 11-13, there was no reaction observed using NMR techniques.
Attempted polymerizations with either catalyst or with CuCl alone did not yield any
polymer. However when ethylene was bubbled through the reactor containing nickel
catalyst (11-13) and copper chloride, there was development of a green colored
solution, which upon precipitation in methanol led to the generation of polyethylene. It
is proposed that there is associative displacement of triphenyl phosphine by ethylene as
shown in figure 3.6. Copper (I) salts were thus found to be an alternative inexpensive
phosphine sponge for use in conjunction with catalysts 11-13 in the polymerization of
ethylene.
R = Me 11 R = Me 11
R = Ethyl 12 R = Ethyl 12
R = Isopropyl 13 R = Isopropyl 13
Figure 3.6 Proposed associative displacement of triphenylphosphine by ethylene
A representative C NMR spectrum of polyethylene obtained is shown in figure
3.8. It is seen that the polyethylene has a branched microstructure from an ethylene
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only feed which is attributed to 'chain walking-mechanism.' ' The branches are assigned
usmg the convention used m earlier reports.' According to this convention, a carbon
atom when part of a branch is labeled "B" with a numerical subscript denoting the
length of the branch and a prefix denoting the particular carbon on the branch with the
number 1 assigned to methyl group. For example, a methyl branch is denoted by IBi.
The methylene carbon on an ethyl branch is denoted by 2B2. The carbons in the
backbone are labeled by Greek letters a, (3, y etc along with their position with respect
to the two nearest branches as shown in figure 3.7. It is clearly seen from figure 3.7 that
there is predominance of methyl braches in comparison to other branch lengths.
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Figure 3.8 Representative NMR spectrum of branched PE (Table 3.1, Entry 1)
The parameters that were studied in the polymerization of ethylene include
effect of ligand identity, cocatalyst identity, pressure and temperature. The
experimental parameters are shown in Table 3.1 and the results in Table 3.2.
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Table 3.1 Parameters in the homopolymerization of ethylene
Entry Catalvst Cocatalyst Temperature (" C) Pressure (Psi)
1 11 CuCl RT 55
2 12 CuCl RT 55
3 13 CuCl RT 55
4 13 CuBr RT 55
5 13 Cui RT 55
6 13 Cu(l)Triflate RT 55
7 13 CuCl 40 35
8 12 CuCl 40 35
9 11 CuCl 40 35
10 13 CuCl RT 65
1
1
13 CuCl RT 40
12 13 CuCl RT 30
13 13 CuCl RT 35
14 12 CuCl RT 35
15 13 CuBr 40 55
16 13 CuBr 45 30
17 13 CuBr RT 30
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Table 3.2 Results for the polymerization of ethylene
Entry Activity PDI Methyl
(Kg PE/mol-Ni- (g/mol) Branches/1 000
hr) C atoms
1 2.62 3234 1 .86
} 4.32 82 1
6
2.1
2
A 141
3 5.85 10190 1 .89 26
4 4.73 5 1 65 1 TO1 .78 22
5 4.1
3
3994 1 .93 23
6 2.05 4145 1 .67 20
7 2.33 1 3830 1 .44 47
8 1 .52 1 0 1 90 1 .56
9 0.86 5940 1 .78
1
0
6.24 12150 1 .96 20
1 1 4.82 6871 1 .32 4
1
1 1 J.46 5 16/ 2.05 47
13 4012 5341 1.89 44
14 1.05 3140 1.76 48
15 6.12 10020 1.35 55
16 8.97 7620 1.53 98
17 2.94 3149 1.76 37
3.3.1.1 Effect of ligand
The nature of the ligand plays an important role in transition metal mediated
polymerizations by affecting the activity of the catalyst and the molecular weight of the
polyethylene obtained. An increase in steric bulk of the ligand on transition metal
catalysts has been observed to increase the molecular weight of the polymer obtained by
decreasing the rate of chain transfer to monomer. Among the three catalysts, it was
observed that catalyst 13 which has the two bulky isopropyl groups ortho to the aniline
group, has the highest activity and molecular weight as shown in figure 3.9. A
representative ^^C NMR of polyethylene obtained when catalyst 12 is used is attached
to the appendix (N).
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Figure 3.9 Effect of ligand architecture (Table 3.1, Entry 1, 2 and 3)
3.3.1.2 Effect of cocatalyst
The different copper(I) salts used as cocatalysts include copper chloride, copper
bromide, copper iodide and copper triflate. Among these different cocatalysts, copper
chloride was found to be most effective as a cocatalyst (figure 3.10). The combination
of catalyst 13 and copper(I) chloride was found to yield the highest activity among the
catalyst, cocatalyst combinations studied. The number of methyl branches / lOOOC
atoms of the polyethylene obtained (using catalyst 13) was not found to be dependent
on the identity of the cocatalyst (figure 3.11). A representative '^C NMR of
polyethylene obtained when CuBr is used as a cocatalyst is attached to the appendix
(O).
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7000
6000
CuCI CuBr Cul Cu(l)Triflate
Figure 3.10 Effect of cocatalyst identity on the activity of the catalyst (Table 3.1,
Entries 3, 4, 5 and 6)
Effect of Cocatalyst
30
I
Branch
content
CuO CuBr Cul Cu(l)Triflate
Figure 3.11 Effect of cocatalyst identity on branch content (Table 3.1, Entries 3, 4,
5 and 6)
3.3.1.3 Effect of pressure on branch content
The branched microstructure of polyethylene obtained is attributed to the 'chain
walking' mechanism. From the mechanism shown earlier (chapter 1 ), it can be
understood that the branch content is affected by the temperature and pressure of
polymerization. An increase in pressure typically leads to an increase in the rate of
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insertion versus chain walking leading to the generation of linear polyethylene. For
example, the number of methyl branches decreases from 47 to 20 with an increase in
ethylene pressure from 35 psig to 65 psig with a concomitant increase in molecular
weight (Entries 10-13, Table 3.2, figure 3.12). ' 'C NMR spectra of polymers
coiTCsponding to entries 15 and 16 of Table 3.1 are attached to the appendices (P,0).
Pressure (Psi)
Figure 3.12 Effect of pressure on branch content (Table 3.1, Entries 3, 10, 11, 12
and 13)
3.3.1.4 Effect of temperature on branch content
The branch content can also be changed by variation in temperature of
polymerization. An increase in temperature causes a decrease in ethylene solubility in
the reaction medium, which is similar to lowered ethylene pressure. This causes more
'chain walking' leading to the generation of a more branched microstructure as seen in
figure 3.13. For example, the number of methyl branches increases from 37 to 98 by
increasing in the reaction temperature from room temperature to 45 °C(Entries 16-17,
Table 3.1).
6C
120
I« 100
i 80
60
40
u
c
£ 20
45 "C
25 "C
I I
30
25 oc 40 »C
40f'C
25 OC
35
Pressure (Psi)
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Figure 3.13 Effect of temperature on branch content
The DSC traces of polyethylene shown in figure 3.14 reveal the branched nature
of polyethylene with a broad melting transition.
0.5-
J 0.0-
UL
-0.5-
-1.0-
Entry13,Table3 1
Entryl 5. Table 3 1
Entry14, Table 3 1
V
II
I
/
1
/ I
^-^ I
\7
20 40 12060 80 100
Temperature (°C)
Figure 3.14 Representative DSC traces of polyethylene
140 160
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3.3.2 Copolynierization of ethylene with a-olefins
The copolynierization of ethylene with a-olefins was perfonned using catalyst
13 as shown in figure 3.15. Our attempts to use methyl methacrylate as a comonomer
for obtaining ethylene-methylmethacrylate copolymers were not successful. Attempted
copolymerizations led to the generation of mixture of low molecular weight
polyethylene and high molecular weight poly (methyl methacrylate).
CH3
jn ^ -(CH2CH2)x - (CH2CH)y (CHsCH),
n = 5, M = H 20 . - (CHs^CHsM
n = 8, M = OH 21 X' = CI, Br, I
n = 6, M = OH 22
Figure 3.15 Copolymerization of ethylene with a-olefins
However, copolymers can be obtained with other functional monomers where
the functional group is separated from the olefin by a spacer group as in 1-octene and
(o-undecenyl alcohol. It was observed that the activity of the catalyst is decreased in
these copolymerizations (Table 3.3) as compared to homopolymerizations. The percent
incorporation of 1-octene in a copolymer of ethylene and 1-octene is typically
determined by the use of DSC or '^C NMR analysis.""^ The decrease in the melting
temperature from 135 '^C (which is attributed to HDPE) with increasing incorporation of
1-octene is used to determing the % incorporation of 1-octene. However since even the
homopolymer of ethylene obtained by our catalyst system is branched and melts over a
range of temperatures (60 "C to 1 10 **C) it is not possible to use DSC as a tool to
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determine the % incorporation of 1-octene. Analysis of the copolymer by H NMR also
was not useful since the protons of 1-octene do not have distinct peaks differering from
the polyethylene backbone. The '^C peak shifts for a copolymer of ethylene and I-
octene indicating the incorporation of 1-octene has been widely reported in the
literature and is shown in figure 3.16 and were used to determine the comonomer
content.""
Table 3.3 Results for the copolymerization of ethylene and a-olefnis
Entry Comonomer
(ml)
Pressure
(Psi)
Activity
(g PE / mol
Ni-hr)
(g/mol)
PDI Incoiporation
(Mole %)
20(0.1) 30 1778 4295 1.8 0.1
20(0.1) 55 1314 5125 1.3 0.2
3^^
20(0.5) 55 2514 10160 1.9 1.0
A' 20 (0.4) 30 859 5363 2.3 0.5
5" 21 (0.1) 55 1173 6483 1.8 0.23
6' 21 (0.5) 55 726 7231 1.6 0.32
# - CuBr as cocatalyst, * - Cul as cocatalyst. Toluene - 20ml.
Identity 5 (ppm)
1B6 14.17
2B6 22.89
3B, 32 22
4B6 29.98
5B6
6B5 34.62
IBs
Figure 3.16 Expected NMR shifts for determination of 1-octene incorporation
The incorporation of co-undecenyl alcohol in a copolymer could be easily
identified by 'H NMR analysis of the copolymer. The percent incorporation of o>
undecenyl alcohol in the copolymers was determined from the NMR where the
methylenes a to the oxygen have a distinct peak at 5 3.5 as seen in figure 3. 1 7. The
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copolymers of ethylene and w-undecenyl alcohol were observed to be soluble in
tetrachloroethane at lower temperatures than the homopolymers of ethylene.
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Figure 3.17 *H NMR spectrum of copolymer to determine percent incorporation of
comonomer (Table 3.3, Entry 5)
The '^C NMR of a copolymer (Entry 6. Table 3.2) shown in figure 3.18 clearly
reveals the incorporation of co-undecenyl alcohol by the appearance ofpeak at 6 63.5
that corresponds to the carbon a to OH group. It is also seen that the branched
microstructure is retained in the copolymer and the DSC trace of the copolymers reveals
broad melting transition (figure 3.19).
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Figure 3.18 '^C NMR spectrum of copolymer of ethylene and co-undecenyl alcohol
(Table 3.3, Entry 5)
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3.4 Summary
The homopolymerization of ethylene was carried out using catalyst systems 11-
13 along with a cocatalyst that would act as a phosphine sponge. Copper(l) salts were
found to be an alternative inexpensive phosphine sponge. The activity of the catalyst
was found to be dependent on the identity of the ligand with catalyst 13 being most
active. It was also observed that among the different copper(I) salts used. copper(I)
chloride was found to be most effective. The polyethylene obtained was found to have
a branched microstructure with the predominance of methyl branches. The branch
content was found to be independent of the nature of the cocatalyst or the ligand
identity. It was, however, dependent on the ethylene pressure and the temperature of
polymerization. An increase in pressure or decrease in temperature was found to lower
the number of branches. Thus a range of branches from 20 methyl branches/ 1000 C
atoms to 98 methyl branches/1000 C atoms could be obtained by variations in pressure
and temperature. The catalysts along with copper(I) salts were also found to be
effective in the copolymerization of ethylene with functional monomers such as to-
undecenyl alcohol. The activity of the catalyst in copolymerizations is lower than in
homopolymerizations, presumably due to the catalyst decay due to coordination of the
functional groups to the metal. In an effort to improve the activity of the catalyst
phosphine-free catalyst systems with acetonitrile as a labile ligand were attempted
(chapter 2). However due to the low steric bulk of the ligand they could not be
synthesized. It was important to keep the steric bulk low since we were interested in
the synthesis of low molecular weight polyethylene.
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CHAPTER 4
ETHYLENE HOMOPOLYMERIZATION AND COPOLYMERIZATION WITH
FUNCTIONAL MONOMERS IN WATER
4.1 Introduction
Polyethylene latexes find use in floor polishes, varnishes and are currently
synthesized by multistep processes. ' Low molecular weight polyethylene is first grafted
with maleic anhydride under drastic conditions to enhance adhesion properties. It is
then melted, dispersed in water under high shear and stabilized with surfactants, a
difficult and expensive process. Advances in late transition metal catalysts have made
it feasible to perform the polymerization of ethylene in water as the reaction medium. It
is now possible to envision a one step process that could resuh in polyethylene latexes
directly.
The first report of the use of transition metal catalyst for ethylene
polymerization in water was by Flood et al who made use of a dicationic rhodium
complex (Figure 4.1) that is water-soluble.' After 90 days of reaction under 60 bar of
ethylene, low molecular weight polyethylene was obtained.
Figure 4.1 First ethylene polymerization catalyst in water
More recently there have been reports by Claverie el al. who made use of SHOP
catalysts and Mecking et al. who made use of neutral nickel salicylaldiminato catalysts
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to perform ethylene polymerization in emulsion. Claverie el a/, used an in situ
synthesis of SHOP catalyst that have a fluorinated ligand to achieve maximum
activity. '^ ^ The polymerization scheme shown in Figure 4.2.
Water
L
qL. Solution 4o
^ C2H4
00°
7b 4
Linear PE
Zoom
Cosurfactant (hexadecane)
Organic Solvent (toluene or benzene)
^^-^-^ ^ Surfactant (sodium dcxlecyi sulfate)
Figure 4.2 Claverie's polymerization scheme ^ i
The polymerizations were performed at 65-70*^' C under 20 bar of ethylene. The
polyethylene obtained is linear and has 70% crystallinity. The decrease in the activity
of the catalyst in water was attributed to the decrease in the solubility of ethylene in
water. The molecular weight of polyethylene obtained in emulsion was similar to that
in organic phase suggesting that water does not adversely affect chain propagation.
Transmission electron microscopic (TEM) analysis of the resultant emulsion shows the
presence of non-spherical particles of polyethylene, which has been attributed to the
high crystallinity of the polyethylene generated. The product obtained at the end of
polymerization resembles latex obtained in traditional emulsion polymerizations.
However, latexes of polyethylene obtained were found to be unstable with "
sedimentation of particles observed when the stirring is stopped. Miniemulsion of the
catalyst solution resulted in stable polyethylene emulsions. The ultrahydrophobe used
in the miniemulsion polymerization contained a polymerizable group such that the
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volatile organic content (VOC) was decreased. Copolymerization was effected with
other olefins such as 1-octene and hexadecene. The comonomer incorporation in
emulsion copolymerizations was found to be higher in comparison with that of organic
phase because of a "compartmentalization" effect. This effect is due to the high
concentraion of the comonomer in the micelle containing the catalyst solution.
Transmission electron microscopic analysis investigations of the copolymer particles
show a smooth particle surface due to the low crystallinity of the copolymer as
compared to that of homopolymer of ethylene.
Mecking et al. made use of both diimines and salicylaldiminato catalysts to
effect the polymerization of ethylene in emulsion." '^ The catalyst structures used are
shown in Figure 4.3. ' '
Figure 4.3 Ethylene polymerization catalysts in water as the reaction media
With the diimine palladium catalyst, it was found that the activity of the catalyst
and the branch content of the polymer is dependent on the nature of the reaction
medium. The branch content of the polymer obtained in water is decreased in
comparison to that obtained in organic media. With the SHOP catalysts, both water-
soluble and organo soluble versions of the catalyst were synthesized. The activity of
both the catalysts were found to be similar, which implied that the solubility of the
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catalyst did not have an effect on the activity of the catalyst. Activity, yield and
molecular weight of the polymer obtained were decreased in water as reaction medium.
With the salicylaldiminato catalysts, high molecular weight polyethylene can be
obtained for the fust time in emulsion. These catalysts also show significant
deactivation in water. Copolymers with functional norbornene monomers were also
obtained with up to 12 mol% incorporation of the functional monomer.
4.2 Experimental section * > , ,
4.2.1 Reagents and general techniques
The catalysts 1 1-13 were synthesized as outlined in chapter 2. Copper (I) salts
and surfactants used for the polymerizations were obtained from Aldrich. Toluene used
as solvent in polymerizations was collected from the solvent line.''' The comonomers, 9
decene-l-ol and co-undeceneyl alcohol were dried with calcium hydride and distilled
before use.
4.2.2 Material Characterization
Molecular weight data was obtained on PL220 high temperature GPC equipped
with a Wyatt minidawn high temperature light scattering detector and refractive index
detector at 135°C using 1,2,4 trichlorobenzene as solvent using narrow molecular
weight polystyrene standards for calibration. Proton NMR analysis of the polymers was
performed either on a Bruker 300 MHz or Avance DPX 600 MHz instrument in
l,K2,2.tetrachloroethane (TCE) at 80°C using the residual proton signal from the
solvent as an internal standard. Quantitative '^C NMR of the polyolefins was obtained
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either on Avance DPX 600 or at 75 MHz using Avance DPX 400 MHz in continuously
proton decoupled mode with a delay time of 8 seconds. Thermal analysis was
performed using TA DSC 2910 under continuous nitrogen purge with a scan rate of 10
°C/min.
4.2.3 Homopolymerization of ethylene in emulsion
The emulsion polymerizations were conducted in thick walled glass reactor that
was loaded with water (200ml), surfactant (1.5g/L) and copper catalyst (0.2mmol). The
reactor was purged with nitrogen and then ethylene to remove air and ensure monomer
saturation. The catalyst solution (100 |iunoles in 10 ml toluene, chlorofonn or
dichloromethane) was then added by syringe. The ethylene pressure was set at 3 atm.
with a continual supply to ensure constant pressure for 2h. At the end of the reaction,
excess ethylene pressure was vented from the reactor. The polymer was present in the
organic phase, with some particulates sticking to the side of the reactor. The organic
layer containing the polymer was separated from the aqueous layer using a separatory
funnel, and the polymer precipitated to acidic methanol to yield a white powder. The
polymer was washed with copious quantities of methanol and water to remove
surfactant and residual catalyst. The samples were dried overnight at 80 "C under
vacuum.
4.2.4 Copolymerization of ethylene with functional monomers in emulsion
The emulsion copolymerizations were conducted in thick walled glass reactor
that was loaded with water (200ml), surfactant (1 .5g/L) and copper catalyst (0.2mmol).
The reactor was purged with nitrogen and then ethylene to remove air and ensure
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monomer saturation. The catalyst solution (100 (.unoles in 10 ml toluene) along with
comonomer was then added by syringe. The ethylene pressure was set at 3 atm. with a
continual supply to ensure constant pressure for 2h. At the end of the reaction, excess
ethylene pressure was vented from the reactor. The polymer was present in the organic
phase, with some particulates sticking to the side of the reactor. The organic layer
containing the polymer was separated from the aqueous layer using a separatory funnel,
and the polymer precipitated in to acidic methanol to yield a white powder. The
polymer was washed with copious quantities of methanol and water to remove
surfactant and residual catalyst. The samples were dried overnight at 80 "C under
vacuum.
4.3 Results and Discussion
4.3.1 Homopolymerization of ethylene in emulsion
A radical emulsion poymerization starts with water, monomer, surfactant and
water soluble inititator, the monomer being present in large droplets and in the micelles.
Polymerization results in the formation of a new particle phase, comprising monomer
and polymer, and stabilized by surfactant. The locus of polymerization is the new
particle phase not in the monomer droplets. This is in contrast to catalytic emulsion
,'.'„
'i;' m;.
polymerizations wherein the monomer (ethylene) is a gas and the catalyst (somewhat
comparable to the initiator of radical emulsion polymerizations) is in the organic phase.
Important issues in catalytic emulsion polymerization include catalyst stability in the
presence of large excess of water and ethylene solubility.
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Water as the polymerization medium precludes the use of traditional phosphine
sponges such as MAO or B(C6F5)3 for use in conjunction with complexes 11-13 for the
polymerization of ethylene. Copper (1) salts which are air and moisture stable are
attractive alternative phosphine sponges. They were successfully used as cocatalysts
for the polymerization of ethylene in organic medium (chapter 3) despite their
insolubility in the reaction medium. The molecular weight of the polyethylene obtained
was typically low which is attributed to the low steric bulk on the ligand. The
polyethylenes also had branched microstructure with predominance of methyl branches
from an ethylene-only feed. . .
The use of water as a reaction medium in polymerization of ethylene introduces
several complexities including the stability of the catalyst and cocatalyst, solubility and
concentration of ethylene in water. The effect of water on microstructure of
polyethylene in terms of the rate of chain growth versus the rate of chain walking would
dictate the branch content. It will also be interesting to study the effect of water on the
molecular weight of the polyethylene obtained. Traditional radical emulsion
polymerization of monomers such as styrene has resulted in stable emulsions of
polymer that are amorphous. The high crystallinity of polyethylene is expected to play
a critical role in the stability of the emulsions. Catalytic emulsion polymerizations are
unique in that chain initititon occurs in the organic phase where the catalyst is present.
This is in contrast to traitional emulsion polymerizations where the initiator is present in
aqueous phase. Catalytic emulsion polymerizations are so-called because of the nature
of the product obtained and not the nature of initiation. The various parameters studied
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in the catalytic emulsion polymerization of ethylene (Table 4.1) include the structure of
the ligand. cocatalyst, surfactant and the results are tabulated in Table 4.2.
Table 4. 1 Parameters for polymerization of ethylene in emulsion
E n t r y Surfactant C ata 1 V St C uX O r 2 a n i c
Phase
1 C T A B 1 3 C uC 1 C A ri N C H ^
SD S 1 3 C uC 1 C A ri s C H
3 Triton-X 1 3 C uC 1 C A H s C H ^
4 C T A B 1 3 C uB r C 6H s C H 3
5 CTA B 13 Cul C 6H 5 C H 3
6 CTAB 13 CuCl C HC I3
7 CTA B 13 CuCl C H2C I2
8 CPB 13 CuCI C 6H 5 C H 3
9 CTAC 13 CuCl C 6H 5 C H 3
1 0 SDS 1 1 CuCl C 6 H 5 C H 3
1 1 SDS 1 2 CuCl C 6H 5 C H 3
1 2 CTAB 12 CuCl C 6H 5 C H 3
13 CTAB 13 CuCl C 6H 5 C H 3
CTAB - Cetyl trimethyl ammonium bromide
SDS - Sodium dodecyl sulfate
Table 4.2 Results for the polymerization of ethylene in emulsion
Entry Activity
(g PE/mol Ni-h) (g/mol)
PDI Methyl Branches
/ lOOOC atoms
1 2038 8976 1.2 46
2 613 4917 1.4 51
3 Trace
4 1747 5445 1.9 49
5 1262 4539 1.5
6 631 7328 1.4
7 728 7287 1.5 73
8 205 1 5327 1.5
9 1567 4576 1.3
10 423 3092 1.6
1 1 509 3529 1.7
12 980 4260 1.4 41
13 810 3902 1.5
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4.3.1.1 Effectof ligand
The steric bulk of the ligand was found to dictate the activity of the catalyst and
the molecular weight of polyethylene as shown in figure 4.4. The catalyst 13 that has
two bulky isopropyl substituents at the ortho position was found to be the most active
and produced the highest molecular weight of polyethylene. This is accordance with
literature reports wherein the steric bulk on the ligands lowers the rate of chain transfer,
thus increasing the activity of the catalyst and the molecular weight of polyethylene. A
comparison with corresponding activities in organic media (figure 4.5) reveals that the
activity of the catalysts is decreased in emulsion. The decrease in the activity could be
due to catalyst deactivation/decay by the presence of a large excess of water. The
activity of the catalysts in both organic and emulsion follows the trend 13 >12 >11.
The molecular weight of polyethylene obtained is slightly lower in emulsion than in
organic phase, which is attributed to the possible lowered concentration of ethylene in
water. The NMR and ' ^C NMR of polyethylene obtained by the use of catalyst 12 is
attached to the appendix. (R) ;
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Figure 4.4 Effect of ligand on the activity of catalyst (Table 4.2, Entries 1, 12,and
13)
Emulsion
Organic
Figure 4.5 Comparison of activity of catalyst - organic and emulsion (Table 4.2,
Entries 1, 12, 13 and Table 3.1, Entries 1, 2, 3)
4.3.1.2 Effect of cocatalyst
Among the copper(I) salts that were studied, copperchloride was found to be the
most effective cocatalyst (figure 4.6). Polymerizations performed with just the catalyst
13 did not yield polyethylene confirming that copper salts act as effective phosphine
sponges in water. The polymerizations utilized catalyst 13 since it had the best activity.
A comparison (figure 4.7) with polymerizations in organic phase reveals that copper(I)
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chloride serves as the best cocatalyst irrespective of the polymerization media. A
representative 'H NMR and '^C NMR of polyethylene obtained by the use of CuBr as
cocatalyst is attached to the appendix (S).
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Figure 4.6 Effect of cocatalyst identity (Table 4.2, Entry 1,4 and 5)
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Figure 4.7 Comparison between organic and emulsion polymerization (Table 4.2,
Entries 1, 4, 5 and Table 3.1, Entries 3, 4, 5, 6)
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4.3.1.3 Effect of identity of the surfactant
An additional issue in the polymerization of ethylene in water as reaction
medium is the nature of surfactants. The role of the surfactant is to form micelles when
their concentration is above the critical micellar concentration. They aid in lowering
the decay of catalyst in presence of excess water by forming a protective layer around
the catalyst. The three classes of surfactants used are. cationic (cetyl
trimethylammonium bromide, CTAB), anionic (sodium dedecyl sulfate, SDS) and
neutral (Triton-X) surfactant (figure 4.8). It was observed that cationic surfactants were
most effective at yielding the best polymerization activity as seen in figure 4.9. No
polymer was isolated with neutral surfactant such as Triton-X. We attribute this to
deactivation of the catalyst possibly because it is not shielded from water by inclusion
into the micelle. Polymerizations perfonned without the use of any surfactant did not
lead to isolation of polyethylene. This suggests that the surfactants play the role of
protecting the catalyst against deactivation induced by water. However the presence of
a large excess of water in comparison to the organic phase (Water: Organic = 10:1 ) does
cause some amount of catalyst decay and hence the activity of the catalyst is lowered in
emulsion in comparison to an organic solvent.
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Cetyl Trimethyl Ammonium Bromide (CTAB)
-kj^ Cetyl Trimethyl Ammonium Chloride (CTAC)
CI"
SGs'Na* Sodium Dodecyl Sulfate (SDS)
N Br" ' cr
CH3 L
. CH13
14
Cetyl Pyridinium Bromide (CPB) Cetyl Pyridinium Chloride (CPC)
Figure 4.8 Structure of surfactants
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Figure 4.9 Effect of nature of surfactant (Table 4.2, Entry 1,2 and 3)
A representative '^C NMR of polyethylene obtained in emulsion is shown in
figure 4. 10. It is clearly seen that polyethylene obtained in emulsion has a branched
microstructure with a predominance of methyl branches. A comparison with polymer
obtained in organic medium reveals that there is preponderance of methyl branches
irrespective of the reaction medium. However the number of methyl branches is higher
8C
in emulsion than in organic media as seen in figure 4.1 1. The solubility of ethylene in
water at a set pressure is lower than in toluene at a given temperature leading to lower
local concentration of ethylene, which in terms leads to more 'chain walking' and thus
higher number of methyl branches / lOOOC atoms. A representative 'H NMR and ' ^C
NMR of polyethylene obtained when SDS is used as a surfactant is attached to the
appendix (T).
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Figure 4.10 "C NMR of polyethylene
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Figure 4.11 Branch content comparison between polymerizations performed in
organic and emulsion (Table 3.2, Entry 3 and Table 4.2, Entry 1)
The surfactants are used above their critical micellar concentration leading to
the generation of micelles. The catalysts dissolved in the organic solvent should reside
in the inner hydrophobic part of the micelle. The copper salts have negligible solubility
in organic phase and in water. Under ethylene pressure, there is associative
displacement of triphenyl phosphine of the catalyst leading to the genaration of
polyethylene. The locus of polymerization is inside the micelle where the catalyst is
present. Hence initiation of the polymer chain should be inside the micelle, however
due to the crystallinity of polyethylene, it should precipiate out of solution exposing the
catalyst to water which might lead to catalyst decay. The polyethylene emulsion
obtained at the end of polymerization was homogenous in nature. However with time,
coagulation was observed and so stable emulsions could not be obtained. This could be
due to the crystalline nature of polyethylene, which causes the polyethylene when
synthesized in emulsion to precipitate out of solution. A representative DSC trace of
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polyethylene synthesized in emulsion shown in figure 4.12 illustrates the branched
microstructure.
§ 0.0
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Figure 4.12 DSC trace of polyethylene (Table 4.2, Entry 1)
4.3.2 Copolymerization of functional monomers with ethylene in emulsion
The successful use of catalysts 11-13 for the polymerization of ethylene with c
olefins in organic media prompted us to attempt the same in emulsion. The various
comonomers for the copolymerization are shown in figure 4.13. The catalysts were
soluble in the comonomers and hence this allowed us to use lower amount of organic
solvent, thus leading to a decrease in the VOC (volatile organic compound) of the
polymerization medium.
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n = 8, 21 X' = CI, Br, I
n = 6, 22
Figure 4.13 Copolymerization scheme
Since the activity of the catalyst 13 was the highest in the homopolymerization
of ethylene, we decided to use it in the copolymerization studies (Table 4.3). It was
observed that the activity of the catalyst is lowered in copolymerization presumably due
to deactivation of catalyst by the functional monomer.
Table 4.3 Copolymerization studies
Entry Surfactant Comonomer Activity M,, (PDI) Incorporation
(ml) (gm PE /
mol Ni-hr)
g/mol (mole %)
1 CTAB 21(1) 1262 7213 (1.9) 0.3
2 CTAB 22 (2) 456 4694 (1.5) 0.9
3 CTAB 21(4) 364 5274 (1.7) 2.75
4 SDS 21 (1) 655 6519(1.6) 0.3
The mole percent incorporation of the functional olefin is obtained from the 'H
NMR spectra of the copolymer wherein the methylene protons a to the oxygen atom
appear as a distinct resonance at S 3.5 as seen in figure 4.14. An illustrative '^C NMR
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spectrum of a copolymer reveals the apperance of peak at 6 63.5, which is due to the
carbon atom a to the oxygen (figure 4.15). The copolymer emulsions were also found
to be more stable presumably due to the functionality on the polyolefins. The 'H NMR
and '"C NMR of a copolymer of ethylene and decene-9-ol is attached to the appendix
(U). The 'H NMR and '^C NMR of copolymer obtained when SDS is used as a
surfactant is attached to the appendix (V). The DSC trace of a copolymer (figure 4. 16)
reveals broad range of melting temperature due to the branched microstructure of the
polyolefm. The copolymers were also found to be soluble in 1 ,1 ,2,2 tetrachloroethane
at a lowered temperature (50 °C). The copolymer with 2.75 mole % incoiporation of
comonomer was found to be soluble in 1,3.5 trichlorobenzene even at 35 ^C.
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Figure 4.14 'H NMR spectrum of copolymer (Table 4.3, Entry 3)
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Figure 4.15 '^C NMR spectrum of copolymer (Table 4.3, Entry 3)
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Figure 4.16 DSC trace of copolymer of ethylene and 22
4.4 Summary
The low oxophilicity of the nickel in the catalysts 11-13 allows us to perfom
polymerization of ethylene in emulsion. It was observed that catalyst 13 along with
cocatalyst CuCl had the best activity. The same trend is also observed in
polymerizations perfomied in organic media, which suggests that water does not affect
chain growth. The activity of the catalysts was lowered in emulsion, which could be
due to deactivation of catalyst by water. The polyethylene obtained had a branched
microstructure from an ethylene-only feed due to the 'chain walking'mechanism. The
number of methyl branches/lOOOC atoms was found to be higher in emulsion than in
organic phase due to the difference in the solubility of ethylene in toluene and water.
Even though the polyethylene obtained has a branched microstructure, it is still semi-
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crystalline leading to unstable emulsions of polyethylene. Copolymerization of
ethylene with fiinctional monomers allows us to lower the VOC and stablize emulsions
of polyethylene copolymers. These copolymer emulsions were stable for 2-3 days after
which there is seperation of the organic and aqueous phase. '
I 1
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CHAPTER 5
HOMOPOLYMERIZATION AND COPOLYMERIZATION OF NORBORNENE
AND FUNCTIONAL NORBORNENE DERIVATIVES
5.1 Introduction
Norbomene can be homo-polymerized by three pathways ring-opening
methathesis (ROMP), cationic and vinyl addition polymerization as shown in figure 5.1.
This leads to three different polymer microstructures each of which has their unique
properties. The polymer obtained by ring-opening methathesis polymerization has an
unsaturated backbone and has been the most investigated.' These ROMP polymers are
marketed under the trade name Norsorex®." Cationic polymerization leads to low
molecular weight polymers with a rearranged backbone.^
Vinyl addition polymerization leads to polynorbomene of high molecular weight
with a cyclic backbone. Vinyl addition polynorbomene possesses interesting properties
such as high chemical resistance, good UV resistance, excellent transparency, high
refractive index and low birefringence. This has lead to the use of these polymers in
Figure 5.1 Norbornene Polymerization Pathways
9C
various electronic and optical applications. ^ Avatrel™ dielectric polymers are used in
the microelectronic industry for low dielectric applications such as interlayer dielectrics
and passivation layers. Appear™ optical polymers are used as wave-guides and flat
panel display substrates. Duvcor™ photoresist polymers are used in photolithographic
applications primarily in deep UV photoresists.
The vinyl addition homopolymerization of norbomene was first reported using
classical Ziegler Natta systems.^ These catalysts yielded only low molecular weight
polynorbomene with low yields. Since then, catalysts based on both early transition
metals (zirconium, titanium) or late transition metals (palladium) have been used to
obtain high molecular weight vinyl addition polynorbomene. These catalyst have also
been used to effect the copolymerization of ethylene and norbomene. Mitsui has
marketed the random copolymers of ethylene and norbomene as TOPOS.
Polynorbomenes synthesized by different catalyst systems have been classified
into three types based on their microstructure.^ Type I polynorbomene is obtained when
an early transition metal is used in conjunction with methyl aluminoxane (MAO) and
are not soluble in common organic solvents. Type II polynorbomene is obtained when
nickel complexes are used in conjunction with MAO and are soluble in cyclohexane
and chlorinated aromatic organic solvents such as 1 ,2 dichlorobenzene. Type III
polynorbomene is obtained with palladium-based catalysts and are not soluble in
common organic solvents. The three types of polynorbomenes are characterized by
their distict solid-state '^CPMAS spectra as shown in Figure 5.2. The difference in the
microstructure of polynorbomene obtained arises due to the tacticity generated during
polymerization. Depending on the orientation of one cyclic unit with respect to its
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neighbor, distinct stereochemical forms of the polymer are produced. The transition
metal catalyst can also insert either across the exo or endo face of norbornene leading to
different enchaimnents. The complete assigmiient of the peaks observed in solid state
^^CPMAS is rendered difficult due to the insolubility of these polymers even at high
temperatures.
„. ^
,
The functional group tolerance of late transition metals and the desire to obtain
functional polymers lead to the development of electrophilic palladium catalysts.^"^
These electrophilic palladium catalysts are tolerant to the presence of heteroatoms and
hence copolymers of functional norbomenes and norbornene have been obtained in
good yields. Reviews about the use of transition metal catalysts for norbornene
polymerization have appeared recently. ' ^ .
Among the late transition catalysts, an important class of catalysts are the
'naked metaF catalysts widely reported in the patent literature and shown in Figure
5.3.'" '"* These catalysts are so-called because the ligands on the transition metal can be
readily displaced by norbornene. The polynorbomene synthesized by 'naked nickel"
catalyst has a different microstructure than that produced by "naked palladium'
catalysts. The polynorbomenes produced by nickel catalysts are soluble in organic
Figure 5.2 Polynorbomene classification ^
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solvents whereas those produced by palladium catalysts are insoluble. These naked
metal catalysts have also been used to copolymerize 5 alkyl norbornene with
norbornene. The copolymers have a lower glass transition temperature than vinylic
polynorbornene and can be easily melt processed.
naked nickel naked palladium
Figure 5.3 Naked metal catalysts.
The functional norbornene derivative is typically prepared by the Diels-Alder
reaction of diene and dienophile as shown in Figure 5.4. This results in two fomis of
the monomer, exo and endo.
Exo and Endo
R
Figure 5.4 Diels Alder reaction for generation of exo and endo functional
norbornene
The two forms of the monomer have been shown to have different rates of
propagation. The four possible structures for a growing polymer chain are shown in
Figure 5.5. Theoretical predictions and experimental observations have indicated that
the endo face of the monomer is sterically crowded and hence endo functional ized
norbornene derivatives are polymerized more slowly. '"^"^^ The endo form of the
monomer forms a chelate with the transition metal thereby lowering the rate of
propogation as shown in Figure 5.5. The exo form of the monomer is not chelating and
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hence is incorporated more readily than the endo fomi. Steric reasons have also been
attributed to the preferential incorporation of the exo form of the monomer.
Exo monomer Exo monomer Endo monomer Endo monomer
R
Pd
H
H ,Pd H ,Pd--X
Exo face ^ Endo face ^ Endo face
X - Chelating functionality
Figure 5.5 Possible modes of insertion for exo and endo forms of monomer
Apart from single component systems, various multicomponent systems have
also been used as catalysts. In recent years, B(C6F5)3 has been used as an effective
Lewis acid cocatalyst in olefin polymerization. When B(C6F5)3 was used as a
cocatalyst in a multicomponent mixture (Figure 5.6), it was found that there is a novel
C6F5 transfer from the boron to the metal resulting in highly active fluorinated catalyst
structures for norbomene polymerization. '^'^"^
1
Ph^ ^Ph
Ph P. .Ph
2 B(C6F5)3.3H20
-4H2O
Ph ^p
Ph Ph
PhA^ B(C6F5)3
Ph Ph
Ph Ph
CeFs
Transfer
H
PhH
Hi Ni
Ph^o'
CeFs
Transfer
Ph Ph
+4H2O ^y/ \ /CgF
C«F.
2 H
-2CeF,H H3B3O3 Ph-^Q/ \,-B(CeF,),
Figure 5.6 Fluorinated catalysts generating novel microstructured polynorbornene
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The polynorbornene obtained from these fluorinated catalyst structures have a
microstructure different from that of Type I, II or III. The 'H NMR spectra of
polynorbornene synthesized by these fluorinated catalysts is shown in Figure 5.7.
Figure 5.7 *H NMR of polynorbornene synthesized by fluorinated catalyst.
Reports by Grubbs et a/, and Mecking el al. have demonstrated the use of
neutral nickel salicylaldiminato catalysts for the copolymerization of ethylene and
norbomene derivatives."" More recently neutral nickel catalyst systems (Figure 5.8)
have been used to perform the homopolymerization ofnorbomene in organic media.
Methyl aluminoxane has been used in large excess as a phosphine sponge in these
systems." " No information regarding the microstructure of the polymer or
polymerization of functional norbomene monomers has been reported.
X = I
,
R = i-Pr
X = CI, R = i-Pr
X = l, R = Et
X = CI, R = Et
X = CI, R = Me
X = I, R = Me
Ni
Ri = R2 = H, R3 = R4 = i-Pr
Ri = R2 = H, R3 = R4 = Me
Ri = t-Bu, R2 = H, R3 = R4 = iPr
Ri = Ph, R2 = H, R3 = R4 = iPr
Ri = Ph, R2 = H, R3 = R4 = Me
Ri = R2 = t-Bu, R3 = R4 = iPr
Ri = R2 = t-Bu, R3 = R4 = Me
Figure 5.8 Neutral nickel catalysts for norbomene polymerization
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5.2 Experimental Section
5.2.1 Reagents and general techniques
All chemicals were purchased from Aldrich and purified before use.
Norbomene was sublimed at room temperature before use. B(C6F5)3 used as a
cocatalyst was obtained as a gift from Albermale coiporation and sublimed at 80 "^'C
before use. The catalysts 6, 1 1, 12 and 13 were synthesized as outlined in chapter 2.
Toluene used as solvent in polymerizations was collected from a solvent line."
Dichloromethane used as a solvent in polymerization was dried with calcium hydride
and distilled before use. The comonomers norbomeyl phenyl sulfone (27) and
norbomeyl tosylate (26) were synthesized following literature procedure."^'"''
5.2.2 Material characterization
Molecular weight data was obtained on PL220 high temperature GPC equipped
with a Wyatt minidawn high temperature light scattering detector and refractive index
detector at 135^C using 1,2,4 trichlorobenzene as solvent using narrow molecular
weight polystyrene standards for calibration. Proton NMR analysis of the polyolefins
was perfonned in Avance DPX 600 or Avance DPX 400 MHz at 100 °C in 1,1,2,2
tetrachloro ethane using the residual proton signal from the solvent as internal standard.
Solid State '^C CPMAS spectra of the samples were recorded at 75 MHz on a Bruker
DSX 300 in a 7mm rotor at a spinning rate of 3000MHz. Infrared analysis of the
samples was measured on Perkin Elmer Spectrum. Thermal analysis was performed
using TA DSC 2910 under continuous nitrogen purge with a scan rate of 10 '^C/min.
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5.2.3 Homopolymerization of norbornenc
A solution of the monomer norbornene (NB) in dichloromethane or toluene was
loaded in a 20 ml septum sealed vial and purged with nitrogen. The catalyst and the
cocatalyst were premixed in the glove box and added to the monomer via a syringe. In
most cases, there was immediate precipitation of the polymer. However the
polymerizations were allowed to run for an hour to ensure complete conversion. The
polymer was precipitated in methanol or acetone, washed and dried in the vacuum oven
at 80 ^'C for 12-24 hours.
5.2.4 Copolymerization of norbornene with functional norbornene derivatives
A solution of the monomer norbornene (NB) and functional norbornene
derivative in dichloromethane or toluene was loaded in a 20 ml septum sealed vial and
purged with nitrogen. The catalyst and the cocatalyst were premixed in the glove box
and added to the monomer via a syringe. In most cases, there was immediate
precipitation of the polymer. However the polymerizations were allowed to run for an
hour to ensure complete conversion. The polymer was precipitated to methanol or
acetone, washed with methanol and dried in the vacuum oven at 80 °C for 12-24 hours.
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5.3 Results and Discussion
5.3.1 Homopolynierization of norbornene
5.3.1.1 Effect of cocatalyst and solvent
The successful use of catalysts 11-13 with a cocatalyst in the polymerization of
ethylene in organic and aqueous media led us to think about other possible monomers
which could be polymerized. Norbornene would be an interesting monomer which
differs from ethylene by steric bulk. A cocatalyst would also be needed for complexes
1 1-13 to act as effective norbornene polymerization catalysts.
The complexes 11-13 when used with Methyl aluminoxane (MAO) polymerize
norbornene at room temperature (figure 5.9) and the results are shown in table 5.1.
However, as observed by earlier reports, a large excess ofMAO was needed to effect
the polymerization. An increase in either monomer concentration (Entry 2 and 4) or
MAO concentration (Entry 3 and 5) was found to increase the activity of the catalyst as
shown in Table 5.1. The polynorbornene thus obtained when MAO is used as a
cocatalyst is designated as PNBl.
PNB1
Figure 5.9 Homopolynierization of norbornene with MAO cocatalyst
98
Table 5.1 Effect of cocatalyst (MAO) on norbornene polymerization
Entry Ni:NB Ni:MAO Activity % Yield Mw PDl
(KgPNB/molNi-h) (10' g/mol)
1 1:500 1:1000 31 66.5 2.95 1.8
2 1:500 1:2000 26 56.0 2.65 2.2
3 1:1000 1:1000 44 46.5 4.12 1.7
4 1:4000 1:2000 248 65.5 13.11 1.5
5 1:1000 1:100 33 35.1 3.71 1.6
Catalyst - 0.68*10"' moles. Solvent - Toluene
In contrast to the excess ofMAO needed to activate the complexes 11-13. it was
found that only 2 equivalents of B(C6F5)3 was needed to obtain highly active catalysts
as shown in figure 5.10. The polymerizations were performed in either toluene or
dichloromethane as reaction solvent as shown in Table 5.2.
2 B(C6F5)3 \^ y
PNB2
Figure 5.10 Homopolymerization of norbornene using B(C6F5)3 as cocatalyst
There was instant precipitation of the polymer when polymerizations were
perfonned in dichlromethane while only a gradual increase in viscocity was observed in
the case of toluene as reaction medium. The instant precipitation in dichloromethane is
due to the generation of hydrophobic polynorbomene in polar dichloromethane. An
increase in norbornene concentration led to an increase in activity of the catalyst (Table
5.2, Entry 6-8). It was also observed at comparable monomer concentrations, the use of
B(C6F5)3 leads to higher activity than MAO (Entry 1, Table 5. 1 and Entry 1, Table 5.2)
as cocatalyst. The polynorbomene obtained when B(C6F5)3 is used as a cocatalyst
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(Entry 5, Table 5.2) is designated PNB2. 'H NMR spectra of PNBl and PNB2 shown
in figure 5.1 1 clearly demonstrates that microstructural differences exist between the
two polymers.
Table 5.2 Effect of cocatalyst (B(C6F5)3) in the polymerization of norbornene
Entry Ni:NB % Yield Activity
(KgPNB/molNi-h)
Mw
(10' g/mol)
PDI Solvent
1 1:500 96 45 7.5 1.3 C6H5CH3
2 1:1000 92 86 6.9 1.5 C6H5CH3
3 1:2000 82 159 13.8 2.6 C6H5CH3
4 1:4000 93 348 24.3 1.8 C6H5CH3
5 1:500 98 46 4.2 1.7 CH2CI2
6 1:1000 94 88 8.1 1.4 CH2CI2
7 1:2000 89 167 14.9 2.6 CH2CI2
8 1:4000 96 361 6.1 1.8 CH2CI2
Catalyst 13- 1.37*10 ' moles
PNBl
3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5-1
( p p ni )
PNB2
1.8 I
.
Figure 5.11 NMR of PNBl and PNB2
The solid-state '^C CPMAS spectra of the two polymers shown in figure 5.12
upon comparison with literature reveals that PNBl resembles Type 1 polynorbomene
typically synthesized by Ni(acac)2/MAO whereas PNB2 resembles that reported by
Rliodes et al. and Lee et al. Rhodes et al. report the novel microstructure arises due to
the norbornene insertion across a Ni-CeFs bond
IOC
PNBl PNB2 U
Figure 5.12 Solid state CPMAS spectral comparison
Attempts to determine end groups ofPNB2 by '^F NMR did not reveal the
presence of C6F5 end groups. ''^F NMR analysis of the catalyst/cocatalyst mixture also
does not reveal any such CoFs transfer from B(C6F5)3 to nickel. We propose that the use
of 2 equivalents of B(C6F5)3 leads to active catalyst structure similar to that of Lee et al.
leading to the appearance of this novel microstructure. The observation that we obtain 2
different microstructures for the polynorbonienes depending on the nature of the
cocatalyst used implies that the active catalyst structure obtained is dependent on the
nature of the cocatalyst. Both PNBl and PNB2 are soluble at room temperature in
halogenated aromatic solvents (in low concentration) and in cyclohexane. Further
NMR analysis ('^C DEFT spectra) was rendered difficult due to the low solubility of
these polymers even at high temperatures.
To prove that the identity of the cocatalyst dictates the microstructure of the
polymer obtained, complex 6 was also used in conjunction with MAO to polymerize
norbomene as shown in figure 5.13. It was observed that high molecular weight
poiynorbornene with high activity can be obtained as shown in table 5.3. The 'H NMR
spectra of the poiynorbornene obtained is shown in figure 5.14 and it can be seen that it
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resembles PNBl. Use ofMAO as a cocatalyst leads to the generation of PNBl
microstructure irrespective of the identity of catalyst.
PNB1
Figure 5.13 Honiopolynierization using MAO as cocatalyst
Table 5.3 Norbomene polymerization using catalyst 6 and MAO
Entry Ni:NB Ni:MAO % Yield Activity Mw PDI
(KgPNB/moINi-h) (10' g/mol)
1 1:500 1:1000 86 44 10.29 1.6
2 1:1000 1:1000 85 84 13.70 1.7
1:1000 1:100 42 42 2.82 2.4
4 1:4000 1:1000 81 323 5.46 1.7
l'
1
1
^
5 0 0 0
ppm(t1)
Figure 5.14 'H NMR of polynorbornene obtained by using 6 and MAO
5.3.1.2 Effect of ligand identity
The effect of the nature of the ligand on the activity of the catalyst, yield of
polynorbornene obtained and molecular weight when B(C6F5)3 is used as a cocatalyst
was then studied (Table 5.4). Among the ligand frameworks studied, it was observed
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that ligand 10c used to synthesize catalyst 13 had the best activity when
polymerizations were performed in dichioromethane. Fhe microslriicturc of
polynorbornene obtained was independent of the identity of the catalyst. Catalyst 13 in
conjunction with B(C6F5)3 was used in copolymerization studies with functional
norbornene derivatives.
Table 5.4 Effect of ligand on norbornene polymerization
Entry Catalyst % Yield Activity
(KgPNB/molNi-h)
Mw
(10' g/mol)
PDl Solvent
1 11 66 62 4.01 1.8 C6H5CH3
2 11 79 75 5.95 1.6 CH.Cb
3 12 72 68 4.79 2.2 C6H5CH3
4 12 93 88 6.34 3.1 CH2CI2
5 13 93 88 6.51 2.7 C6H5CH3
6 13 89 91 7.61 2.4 CH2CI2
5.3.2 Copolymerization of norbornene with functional norbornene monomers
Introduction of functionality onto a polyolefin backbone to enhance its
properties has long been a goal of polymer chemists. Late transition metals with their
low oxophilicity, and greater functional group tolerance, serve as likely catalysts for
obtaining such novel functional polyolefin architectures. The fianctional group
tolerance of the catalysts 11-13 was tested by copolymerization of norbornene with a
variety of functional norbomenes (figure 5.15). '
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ENB NBOAc NBOTs NBSulf
27 SO2
O O '
\pSi-Or?'R NBPOSS
R isobutyl 29
Figure 5.15 Functional norbornene monomers
5.3.2.1 Homopolymerization of ethylidene norbornene and copolymerizadon of
norbornene and ethyledene norbornene
Among the functional norbornene monomers, only ethylidene norbornene (24)
could be homopolymerized to appreciable molecular weight by catalyst 13. The highest
molecular weight that could be obtained in the homopolymerization of 24 was found to
30,000 g/mol. This limitation in Mw could be attributed to the coordination of the
propenyl double bond of 24 to nickel of growing polymer chain, thereby hindering the
coordination and insertion of the norbomenyl double bond (Table 5.5, Entries 1-3). The
'H NMR of the homopolymer is shown in Figure 5.16. Copolymerization of 24 with
norbornene results in quantitative incorporation of 24 into the backbone as seen in
Table 5.5 (Entries 4-6). The 'H NMR of the copolymer is shown in figure 5.1 7 and it
was observed that the copolymer was soluble in 1,3,5 trichlorobenzene at 60 V.
NBOH OH
28
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Table 5.5 Homopolymerization of 24 and copolymerization with norbornene
Entry NB:ENB Mole % Mw(10 g/mol) PDl
Incorporation
1 1 500 0:500 1.469 1.9
2 1 1733 0:1733 1.180 1.8
3 1 2718 0:2718 3.030 1.9
4 1 500 50:50 50 3.013 2.1
5 1 500 25:75 80 3.037 2.3
6 1 500 75:25 26.5 2.384 2.2
Figure 5.16 NMR of poly(ethyledene norbornene)
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1—
T
1 1 1
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1 1 1 1
1
1 1 1 1
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1 1 1 r
ppm 6 0 5 0 4 0 3 0 2 0 1 0
Figure 5.17 *H NMR of copolymer of norbornene and 24
5.3.2.2 Copolymerization of norbornene and norbornene acetate (25)
Catalyst 13 was also effective in copolymerizing ester-containing 25 with NB to
appreciable mole % incorporation as seen in Table 5.6. The incorporation of 25 in the
copolymer was confirmed by IR spectroscopy (Figure 5.18) of the copolymer wherein
the OCO stretch is clearly discemable. The molecular weight of the polymer and the
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yield of the polymer obtained were however decreased with the incorporation of the
comonomer This could be due to the coordination of the acetate functionality of the
growing polymer chain to the nickel center. When 50:50 mole ratio ofNB and 25 was
used as a monomer feed, we could not isolate the copolymer. This suggests that an
increase in the amount of the norbomenyl acetate leads to a deleterious effect on the
yield of the copolymer and the polymerization rate. A representative 'H NMR of the
copolymer is shown in figure 5.19.
Table 5.6 Copolymerization of norbomene and norbomene acetate (25)
Entry Ni:NB NB:NBOAc Yield
(g)
Mole %
Incorporation
Mw
(10- g/mol)
PDl
1 1:438 88.6:11.4 0.4 13.86 1.372 2.2
2 1:438 79.5:20.5 0.1 18.46 1.235 2.5
110
60
50
3900 3400 2900 2400 1900 1400 900 400
cm-1
Figure 5.18 IR of copolymer of norbomene and 25
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Figure 5.19 IH NMR of copolymer of norbornene and 25
5.3.2.3 Copolymer of norbornene and norbornene tosylate (26)
Another attractive functionality on norbornene is the tosylate group, which
allows post polymerization modification, thus providing entry to other kinds of
polymeric materials. Appreciable amounts of 26 can be incorporated into the polymer
as shown in table 5.7. A representative 'H NMR of a copolymer, shown in figure 5.20,
clearly reveals the incorporation of the comonomer by the appearance of distinct phenyl
resonances due to the tosylate group. From the TGA analysis (figure 5.21) of the
copolymer it is seen that there is initial decomposition of the side chain before the
decomposition of the main cham.
Table 5.7 Copolymer of norbornene and norbornene tosylate (26)
Entry Ni:NB NB:NBOTs Yield Mw(10' g/mol) PDl Mole %
Incorporation
1 1:414 93:7 0.450 2.365 1.9 3.56
2 1:442 88:12 0.450 6.512 2.1 8.42
3 1:400 97:3 0.490 7.352 2.6 1.42
4 1:400 50:50 0.350 3.216 2.4 1 1.42
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Figure 5.20 'H NMR of copolymer of norbornene and 26
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Figure 5.21 TGA analysis of copolymer of norbornene and norbornene tosylate
(26)
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5.3.2.4 Copolymerization of norbornene and norbornene siilfone (27)
A sulfone containing comonomer 27 was chosen to determine the ef fect of
siilfone functionahty on the thermal stabiUty of the copolymer. The comonomer 27 was
synthesized by the Diels Alder reaction of cyclopentadiene and vinyl phenyl sulfone as
shown in figure 5.22. The 'H NMR of 27 revealed that both exo and endo forms of the
monomer are synthesized.
The comonomer 27 was incoiporated in varying amounts as shown in Table 5.8.
At the end of copolymerization. the polymer was typically precipitated in acetone. The
acetone soluble portion was then dried and analyzed by 'H NMR to determine the
amount of unreacted exo and endo forms of the monomer 27. There was no change in
the exo - endo ratio suggesting that there is no preferential incorporation of one form
the monomer (Entries 7-11, Table 5.8). As seen in table 5.8, the molecular weight of
the copolymer was decreased with increasing mole % incorporation of 27.
Representative NMR of the copolymers shown in figure 5.23 clearly reveals the
incorporation of 27 by appearance of phenyl peaks. The TGA analysis (figure 5.24) of
the copolymer shows that it decomposes faster than the parent polynorbornene because
of the presence of side chain functionality. •
Exo and Endo
SOsPh
Figure 5.22 Diels-Alder synthesis of 27
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Table 5.8 Copolymer of norbomene and norbomyl sulfone (27)
ciiii y 1 >J 1_> . 1 > 13o U 1
1
Start Ratio End ratio IVliJIC /o IVIw
L VA L<l IVJU InpomAr^itior) ( 1 0"^ o/mni ^
1 50:50 30 70 ''6 3'> 1 48 1 81 .o
2 70- iO 30 70 1 7 38 1 63 1 9
3 9'' 5-7 5 30 70 4.75 "> 33 7 3
4 9"* 5-7 5 7/ 93 3 91 ~> 58 2.2
5 30 70 13.67 1 94 9 3
6 90:10 30 70 5.89 2.02 1 9
7 90:10 36 64 35.6 64.4 6.23 1.85 1.8
8 80:20 36 64 32.2 67.8 10.8 1.67 2.4
9 90:10 10 90 10.0 90 7.69 1.98 2.8
10 80:20 10 90 8.2 91.8 11.4 1.73 1.6
11 50:50 36 64 35.6 64.4 21.97 1.58 2.1
12 96:4 25.6 74.4 2.82 2.14 2.8
13 98:2 25.6 74.4 1.49 2.12 1.5
Ni:NB''''" 1:500 (Entries 1-11) and 1 :800 (Entries 12-13)
Figure 5.23 'H NMR of copolymer of norbornene and norborenyl sulfone (27)
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Figure 5.24 TGA analysis of copolymer of norbornene and 27
The copolymerization could also be performed by catalysts 11 and 12 as shown
in table 5.9. At comparable monomer concentrations, we did not observe any trend in
the % incorporation of 27 in the copolymer.
Table 5.9 Effect of catalyst on the copolymerization of norbornene and 27.
Entry Catalyst Ni:NB NB:NBSulf Mole %
Incorporation
1 1 1 1 :250 80 20 12.6
2 12 1 :2 5 0 80 20 7.5 7
3 13 1 :250 80 20 9.81
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5.3.2.5 Copolymerization of norbornene and norbornene alcohol (28)
An alcohol-functionalized monomer 28 could also be copolymerized to
appreciable incorporation as shown in Table 5.10. The 'H NMR spectra of the
copolymer shown in figure 5.25 reveals the incorporation of both the exo and endo fonn
in the copolymer. The functional norbornene monomer when synthesized by the Diels-
Alder reaction is typically rich in the endo form of the monomer. The lack of
selectivity exhibited by catalyst 13 makes it advantageous to polymerize functional
norbornene monomers obtained commercially without time-consuming separation of
isomers being required. It needs to be mentioned that the high activity of the catalyst
caused the polymer to precipitate out of solution instantaneously, which could have led
to the incorporation of both the exo and endo form of the monomer.
Table 5.10 Copolymerization of norbornene and norbornene alcohol (28)
Entry Ni:NB NB:NBOH Mw
(10' g/mol)
PDI Mole %
Incorporation
1 1:250 75:25 2.56 2.3 33.5
2 1:250 90:10 4.78 2.6 26.1
1:250 80:20 3.56 2.8 32.1
I
i
I I
]
\i \j \
Exo, Endo ; ;
'If'-
Figure 5.25 H NMR of copolymer of norbornene and 28
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Copolymerizations were also attempted with other functional monomers such as
norborenyl polyhedral oligomeric silsesquioxane (29) to result in organic-inorganic
materials. A representative solid state "^^Si NMR of a copolymer is shown in figure
5.26.
i
Figure 5.26 Solid state " Si NMR of copolymer of norbornene and 29
5.4 Summary
We have successfully used neutral nickel salicylaldiminato catalysts (11-13) to
polymerize norbornene to yield high molecular weight materials. The identity of the
cocatalyst was found to have an effect on the microstructure of polynorbomene
obtained. Use ofMAO as cocatalyst led to PNBl whereas use of B(C6F5)3 led to
PNB2. The activity of the catalyst was found to be increased by using two equivalents
of B(C6F5)3 versus using thousand-fold excess ofMAO as cocatalyst. In an effort to
improve the solubility of the polymers, copolymerizations with functional norbornene
derivatives were performed. A wide variety of functional groups including those with
pendant alcohol, ester or sulfone functionality were incorporated successfully. It was
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also observed that both exo and endo forms of functional norbomene monomers were
incorporated in the polymer. This makes it possible to use commercially obtained
functional norbornene monomers without performing time-consuming exo-endo
separation steps.
IH
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CHAPTER 6
MOLECULAR WEIGHT CONTROL IN THE HOMO AND
COPOLYMERIZATION OF NORBORNENE AND FUNCTIONAL
NORBORNENE DERIVATIVES
6.1 Introduction
The viscosity of a polymer melt is dictated by its molecular weight. Hence
control of molecular weight is relevant for the industrial use of polymers. Looking at
the growing polymer chain in case of norbornene homopolymerizations (figure 6.1)
using a nickel catalyst, it can be seen that the pathways of p-hydride elimination are not
possible. There are two P hydrogens on the growing polymer chain. The hydrogen Hg
is in wrong geometry for elimination (trans) with respect to nickel. The bridgehead
hydrogen Hb does not undergo p-hydride elimination as this would violate Bredt's rule,
which does not allow a sp" hybridized carbon on a bridgehead position. For these
reasons, the polynorbomene obtained by transition metal catalysts are generally high
molecular weight polymers.
One of the ways to control the molecular weight of polynorbomene reported in
the literature is to make use of alcohol, which irreversibly binds with the metal leading
Hg - Wrong geometry for elimination.
Hb - Bridgehead carbon.
Figure 6.1 Possible elimination pathways
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to chain termination. Thus, the use of alcohol acts to lower the molecular weight of
polynorbornene. but is also detrimental to the catalytic nature of the reaction.
Goodall et a/, in a series of patents have shown that use of acyclic olefins such
as ethylene or a olefins leads to a drastic decrease in molecular weight of
polynorbomene.'"^ This has been attributed to chain transfer leading to polynorbornenes
with oletlnic end groups. The mechanism of chain transfer is shown in figure 6.2.
Insertion of the acyclic olefin leads to growing polymer chain in which there are
hydrogens at positions P to nickel and hence elimination can proceed to generate a
nickel hydride species. This nickel hydride can further insert norbomene leading to the
growth of new polymer chains resulting in the synthesis of polynorbornenes with
controlled molecular weight while preserving the catalytic aspect of the reaction.
H Olefin insertion
Figure 6.2 Mechanism for molecular weight control
It needs to be noted that most of the patent literature makes use of naked metal
catalysts to achieve control of molecular weight. These catalysts typically do not
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polymerize ethylene or a-olefins. These simple olefins therefore act simply to regulate
the molecular weight of polynorbomene. Using chain transfer agents such as ethylene
in conjunction with naked metal catalysts, polynorbomenes with degree of
polymerization ranging from thousands to dimers can be obtained. The end group
analysis by 'H NMR of polynorbomene oligomers has been instrumental in elucidating
the nature of the initiating species. More importantly, such an analysis has proven to be
important in determining the nature of initiating species in multicomponent mixtures.^
6.2 Experimental Section
6.2.1 Reagents and general techniques
All chemicals were purchased from Aldrich and purified before use.
Norbomene was sublimed at room temperature before use. B(C6F5)3 used as a
cocatalyst was obtained as a gift from Albermale corporation and sublimed at 80
before use. The catalysts 11, 12 and 13 were synthesized as outlined in chapter 2.
Toluene used as solvent in polymerizations was collected from a solvent line.^
Dichloromethane used as a solvent in polymerization was dried with calcium hydride
and distilled before use. The comonomers norbomeyl phenyl sulfone (27) and
norbomeyl tosylate (26) were synthesized following literature procedure. The chain
transfer agents, 1-octene, co undecenyl alcohol, 5-bromo- 1 -pentene and 4-vinyl benzyl
chloride were dried under calcium hydride and distilled before use.
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6.2.2 IVIatcrial characterization
Molecular weight data was obtained on PL220 high temperature GPC equipped
with a Wyatt minidawn high temperature hght scattering detector and refractive index
detector at 135"C using 1.2.4 trichlorobenzene as solvent using narrow molecular
weight polystyrene standards for calibration. Proton NMR analysis of the polyolefms
was performed in Avance DPX 600 or Avance DPX 400 MHz at 100 "C in 1.1,2,2
tetrachloro ethane d: using the residual proton signal from the solvent as internal
standard. Solid State '^C CPMAS spectra of the samples were recorded at 75MHz on a
Bruker DSX 300 in a 7mm rotor at a spimiing rate of 3000MHz. Infrared analysis of
the samples was measured on Perkin Elmer Spectrum. Thennal analysis was performed
using TA DSC 2910 under continuous nitrogen purge with a scan rate of 10 V/min.
6.2.3 Control of molecular weight in homopolymerization of norbornene
A solution of the monomer norbornene (NB) and chain transfer agent in
dichloromethane, or toluene, was loaded in a 20 ml septum sealed vial and purged with
nitrogen. The catalyst and the cocatalyst were premixed in the glove box and added to
the monomer via a syringe. The polymerizations were allowed to run for an hour to
ensure complete conversion. The polymer was precipitated in methanol or acetone,
washed with methanol or acetone and dried in the vacuum oven at 80 ^'C for 1 2-24
hours.
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6.2.4 Control of molecular weight in copolymerization of norbornene with
functional norbornene derivatives
A solution of the monomers, norbornene (NB), and functional norbornene
derivative along with the chain transfer agent in dichloromethane, or toluene, was
loaded in a 20 ml septum sealed vial and purged with nitrogen. The catalyst and the
cocatalyst were premixed in the glove box and added to the monomer via a syringe.
The polymerizations were allowed to run for an hour to ensure complete conversion.
The polymer was precipitated in to methanol or acetone, washed and dried in the
vacuum oven at 80 "^C for 12-24 hours.
6.3 Results and Discussion
Reports using neutral nickel salicylaldiminato catalysts along with methyl
aluminoxane to homopolymerize norbornene have appeared recently. However, no
mention is made about the control of molecular weight in these polymers. We have
shown in chapter 5 that catalysts 1 1-13 in conjunction with either MAO or B(C6F5)3
polymerize norbornene with high activity to yield high molecular weight
polynorbomene. We observed that the identity of the cocatalyst dictated the
microstructure of polynorbomene obtained. In an effort to improve the solubility of
polynorbomene, we attempted to control the molecular weight of polynorbomene by
using a wide variety of chain transfer agents.
6.3.1 Control of molecular weight in the homopolymerization of norbornene
In an attempt to control the molecular weight of polynorbomene. several chain
transfer agents were employed. Polymerizations were performed either in toluene or
I2C
dichloromethane along with 1-octene as chain transfer agent. All the GPC traces of the
polymers obtained using toluene as reaction solvent are unimodal. However, when
dichloromethane is used as reaction solvent in these experiments, the GPC trace of the
polymer obtained is bimodal. This suggests that the kinetics of the reaction is very fast
in dichloromethane thus resulting in a mixture of polynorbomenes, one higher in
molecular weight and the other lower in molecular weight. Hence most
polymerizations utilizing chain transfer agents were performed in toluene as reaction
medium.
6.3.1.1 Use of 1-octene as chain transfer agent in the homopolymerization of
norbornene
The naked metal catalysts reported in the patent literature utlize a olefins as
chain transfer agents in controlling the molecular weight of polynorbomene. The
salicylaldiminato catalysts 11-13 are more sterically hindered and hence it would be
interesting to see if molecular weight of polynomorbene obtained can be controlled by
the use of a-olefins. The results obtained by varying the molar concentration of 1-
octene in the polymerization mixture are shown in table 6.1. A norbornene to nickel
ratio of 1 000 to 1 was employed in all of these polymerizations. It can be clearly seen
that the molecular weight of polynorbomene is decreased with increasing molar
concentration of 1-octene as seen in figure 6.3. The molecular weight of
polynorbomene could also be controlled at different molar concentrations of
norbornene (Ni:Norbomene = 1 :500) and attached to the appendix (W). A
representative 'H NMR spectrum ofpolynorbomene with controlled molecular weight
is shown in figure 6.4.
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Table 6.1 Molecular weight control by use of 1-octene as chain transfer agent
Entry Mole % mmoles of
1-octene
Activity
(KgPNB/
molNi-h)
Yield
(g)
Mw
(10' g/mol)
PDI
1 1 0.274 58 2.0 5.08 1.9
2 2 0.548 67 2.3 3.79 2.1
3 4 1.096 43 1.47 1.69 2.2
4 5 1.370 50 1.7 1.50 2.4
5 10 2.740 36 1.22 1.06 1.7
6 2.3 7.64 2.8
Ni:NB = 1:1000, Catalyst 13 = 2.74*10"' moles. Solvent - Toluene
9
1 8
p
^ 7-
0
0 2 4 6 8 10 12
Mole % 1-octene
Figure 6.3 Molecular weight control by use of 1-octene as chain transfer agent
40 3.0 ZP 1,0
ppm (1 1) • , . ; I . - , 1
'
Figure 6.4 'H NMR spectrum of polynorbornene (Table 6.1, Entry 2)
6.3.1.2 1-pentene as chain transfer agent in the homopolymerization of norbornene
As shown for I-octene. another a-olefin. 1-pentene can also be used to control
the molecular weight of polynorbornene (table 6.2 and figure 6.5). The molecular
weight of polynorbornene was decreased from 400,000 g/mol to 34,000 g/mol. The
polynorbornenes with controlled molecular weight were soluble in cyclohexane at room
temperature or in 1 ,2 dichlorobenzene at 80 '^C. A representative 'H NMR spectrum of
a polynorbornene is shown in figure 6.6. The molecular weight was also controlled at
various molar concentrations of norbornene (X).
Table 6.2 Molecular weight control by use of 1 -pentene as chain transfer agent
Entry Mole % mmoles 1-
Pentene
Yield M w
(10' g/mol)
PDI
1 0.201 0.700 4.33 2.1
2 4 0.402 0.700 2.51 1.8
3 5 0.500 0.500 2.01 1.9
4 10 1.005 0.570 1.49 1.7
5 20 2.011 0.370 1.16 2.3
6 50 5.000 0.250 0.52 2.2
7 75 7.950 0.160 0.38 2.7
8 90 9.040 0.135 0.34 1.7
Ni : NB - 1:1000, Catalyst 13 = 1.05*10'' moles. Solvent - Toluene
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Figure 6.5 Molecular weight control using 1-pentene as chain transfer agent
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Figure 6.6 H NMR of polynorbornene (Table 6.2, Entry 2)
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6.3.1.3 Isomeri/ation studies
The use of 1-octene or 1-pentene led to the synthesis of polynorbomene of
lowered molecular weight. However, it was observed that the molecular weight
plateaued around 30,000 g/mol and the yield of the polymer obtained was lowered with
increasing mole % of a-olefm. The polynorbomenes with lowered molecular weight
synthesized by naked metal catalysts did not exhibit any such plateau in molecular
weight. It needs to be mentioned that naked metal catalysts do not polymerize ethylene
or isomerize a-olefms. This is unlike salicylaldiminato catalysts 11-13, which are
effective in homopolymerizing norbomene and ethylene, thereby introducing an
additional complexity in the polymerizations. Addition of catalyst 13 and B(C6F5)3 to
1-octene leads to immediate isomerization to internal olefins as clearly seen by the 'H
NMR spectra shown in figure 6.7.
1 1 1 1
1
1 1 1 1
-] 1 1
5 50 5 00
Figure 6.7 Isomerization of 1-octene by catalysts 13 / B(C6F5)3 (a) 1-Octene, (b)
Internal olefin
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Most of the 1-octene is converted to internal olefin in 5-6 hours after which,
there are black particles in the NMR tubes indicating the catalyst decay in the absence
of monomer. The internal olefins thus synthesized do not reinsert into the metal-
hydrogen bond. This is confirmed by independent NMR experiments wherin other
internal olefins are added to the catalyst (figure 6.8) where there is no reaction. The
catalyst decays in minutes when internal olefins are added.
^CHgCHgCHa ^ B(C6F5)3
H3CH2CH2C H
Figure 6.8 Insertion of internal olefin onto nickel-carbon bond
This results in loss of fraction of catalyst tlirough the isomerization-decay
pathway. Hence the scheme for the control of molecular weight including
isomerization pathway is shown in figure 6.9. The isomerization leads to loss of part of
catalyst, which lowers the activity of the catalyst.
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Figure 6.9 Mechanism for molecular weight control
6.3.1.4 5-Bromo-l-pentene as chain transfer agent in the homopolymerization of
norbornene
The use of 1 -octene or 1 -pentene as chain transfer agent yields polynorbomenes,
which contain olefinic end group. The catalysts 11-13 have been shown to be
functional group tolerant by their use in synthesizing copolymers of norbornene and
functional norbornene derivatives (chapter 5). This functional group tolerance allows
us to use a functional chain transfer agent such that chain end functionality would be
introduced. We successfully used 5-bromo-l -pentene as a chain transfer agent as
shown in figure 6.10. A representative 'H NMR spectrum of polynorbomene obtained
when 5-bromo-l -pentene is used as chain transfer agent is shown in figure 6.1 1
.
Table 6.3 Molecular weight control by using 5-bromo-l-pentene
Entry Mole % Moles Yield (g) Mw (10' g/mol) PDI
1 2 0.0001062 0.260 4.78 2.1
2 4 0.0002124 0.350 3.55 2.4
3 10 0.000531 0.450 1.45 1.8
4 15.9 0.000844 0.410 0.74 2.3
5 31.8 0.001688 0.300 0.64 2.4
Ni : NB - 1:500, Catalyst 13 = 0.5*10'' moles. Solvent - Toluene
6
- 5
0 5 10 • • 15 20 25 30 35
Mole % 5-bronio-l-peHlene
Figure 6.10 Molecular weight control by using 5-bromo-l-pentene
.1, . .-, ,
40 ao 2.0 10 0.0
ppm(t1)
Figure 6.11 NMR of polynorbornene using 5-bronio-l-pentene as chain transfer
agent
>
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6.3.2.5 4-vinyl benzyl chloride as chain transfer agent in the honiopolymeri/ation
of norbornenc
Another interesting chain transfer agent would be 4-vinylbenzyl chloride, which
was used successfully to regulate molecular weight as shown in figure 6. 1 2. Increasing
molar concentration of 4-vinyl benzyl chloride regulates the molecular weight by
making it possible for elimination pathways as shown in figure 6.13. The
polynorbornenes obtained are soluble in 1,2 dichlorobenzene at room temperature.
These functional group terminated polynorbornenes could act as telechelic polymers for
the synthesis of other polymer architectures including block copolymers. A
representative *H NMR spectrum of polynorbornene shown in figure 6.14 clearly
reveals the incorporation of 4-vinyl benzyl chloride by the appearance of phenyl
resonances in the 'H NMR spectrum.
4.5
4 i
3.5
3
2.5
2
1.5
1
0.5
0
10 20 30 40 50 60 70 80
Mole % 4-vinyl beiizylchloride
Figure 6.12 Molecular weight control by using 4-vinyl benzyl chloride
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\\ //
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Figure 6.13 Possible chain transfer reactions
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Figure 6.14 NMR spectrum of polynorbornene showing the incorporation of 4-
vinylbenzyl chloride
13C
6.3.2 Control of molecular weight in the copolymerization of norbornene and
functional norbornene derivatives
,
We have shown earlier (chapter 5) the abiHty of the catalyst / cocatalyst to form
copolymers of norbornene with functional norbomenes. To test the ability of a-olefm
as a chain transfer agent in these mixed norbornene polymerizations, we chose 1-octene
to be the chain transfer agent (figure 6.15). When 1 octene was used as a termonomer,
terpolymers of lower molecular weight than the corresponding copolymers without
chain transfer agents are obtained (Table 6.4). The GPC trace of the terpolymers is
unimodal implying that we do not obtain any polymer mixtures. The 'H NMR of the
copolymers does not show the vinylic double bond since the molecular weight of the
terpolymers is in the high end of the NMR analysis (figure 6.16 and figure 6.17).
Copolymers with
lower molecular
X 2 B(C6F5)3 weight
X = CH2OTS (26)
X = S02Ph (27)
Figure 6.15 Use of 1-octene to regulate the molecular weight of copolymers
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Table 6.4 Molecular weight control in copolymers
Entry Comonomer Ni:NB'"''' NB:NB'""^ Mole % Mw PDI
Octene (lOVmol)
1 27 1:418 93:7 2.42 1.8
2 27 1:418 93:7 11 0.73 2.1
3 26 1:414 93:7 2.37 1.9
4 26 1:414 93:7 11 0.65 1.8
5 26 1:414 93:7 22 0.60 2.3
ppm (t1)
5.0
Figure 6.16 *H NMR spectrum of copolymer (Table 6.4, Entry 2)
0.0
ppm (t1)
8.0 7.0 6.0 5.0 4.0 3.0 20 1.0
Figure 6.17 NMR spectrum of copolymer (Table 6.4, Entry 4)
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6.4 Summarv'
Neutral nickel salicylaldiminato catalysts 11-13 when used in conjunction with
B(C6F5)3 as a cocatalyst leads to polynorbornene with a novel microstructure.
However, the molecular weight of these polymers was found to be very high. To
control the molecular weight of these polymers, an a- olefin such as 1-octene or 1-
pentene was used. It was observed that there is a competition between isomerization of
a-olefin and norbomene insertion adding another facet to the control of molecular
weight. The use of fiinctional chain transfer agent such as 5-bromo-l-pentene or 4-
vinyl benzylchloride led to polynorbomenes with specific functionality on the end of
the polymer chains, which could then be used to synthesize block copolymers. The
chain transfer agents were also effective in controlling the molecular weight in
copolymerizations of norbomene and functional norbomene derivatives.
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APPENDIX W
Molecular weight control using l-octene as chain transfer agent
Entry % mol
Octene
Volume Yield Mw
(lO'g/mol)
PDI
1 1.0 0.01
1
0.450 2.97 2.1
2 1 0.022 0.420 2.18 1.8
3 4 0.044 0.410 1.59 1.9
4 5 0.054 0.410 1.43 1.9
5 10 0.108 0.270 0.66 2.3
6 20 0.216 0.280 0.49
7 50 0.54 0.170 0.32 2.2
8 75 0.80 0.130 0.29 1.7
Ni:NB- 1:500 Toluene- 15m Room temperature Time - Ihr
3.5 -
3 M
2.5 -
^ 2
I 1.5
§ 1
I 0.5
0
10 20 30 40 50
Mole % 1-octeiie
60 70 80
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APPENDIX X
Molecular weight control using 1 -pentene as chain transfer agent
Entry % mol Moles Yield Mw PDI
pentene Pentene (lO'g/mol)
1 1 0.0000530 0.421 6.36 2.2
2 2 0.000106 0.450 5.23 2.3
3 4 0.000212 0.410 3.13 1.8
4 5 0.000265 0.430 2.76 1.9
5 10 0.00053 0.400 1.91 2.1
Ni:NB- 1:500 Room temperature Toluene- 15ml Time-lhr
0 2 4 6 8 10 12
IVble % 1-peiitene
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